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 In the semi-arid western U.S., urban water systems are facing growing challenges to both 
supply and demand associated with growing populations, urban development, wildfires in 
headwaters basins, and climate change. Wildfire and climate change can alter the volume and 
timing of water delivery to downstream systems, and projected increases in temperature are 
expected to increase demand in urban systems. Along the Colorado Front Range, extensive 
redevelopment is changing the characteristics of the urban systems that drive water demand. To 
better understand the impacts of disturbance on regional water supply and demand, this 
dissertation assesses post-fire changes to water yield in a burned watershed in the Rockies and 
investigates trends in and drivers of urban irrigation, a consumptive use of water, in Denver, 
Colorado. 
 After the Chippy Creek Fire in 2007, the Mill Creek Basin in Montana experienced 
abrupt shifts in vegetation, from evergreen forest to shrub/scrub and grasslands, resulting in 
significant changes in local hydrologic partitioning and altering downstream supplies. 
Evapotranspiration from the basin decreased by 46%, and water yield increased by 140% during 
the first decade after the fire with no clear recovery trends. In Denver, temperature and land 
cover influenced demand for outdoor water use between 1995 and 2018. Increasing temperatures 
drove significant increases in irrigation rates in 37% of Denver census block groups, and the 
percentage of water used outdoors increased significantly across the city during this period. 
Finally, examinations of irrigation rates at the parcel scale in Denver show significant differences 
between land uses that are associated with variation in impervious land cover. Modeled 
residential redevelopment scenarios show reductions of 141,000 m3 (114 AF) of residential 
outdoor use per 1% increase in single-family parcels redeveloped to multi-family units.  
 This work contributes essential insights toward improving the resiliency of water systems 
and understanding key factors that influence sustainable urban development. Despite the 
destructive nature of wildfire, results indicate that increases in water yield following fire in 
headwaters basins can be utilized for downstream urban supply if managers appropriately plan 
for altered volume and quality. As temperatures rise and indoor water use becomes more 
efficient or is recycled, outdoor use comprises an increasingly large portion of total urban water 
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demand, posing challenges to climate adaptation within water-limited cities. However, by 
integrating land use and water planning, the residential redevelopment of urban areas provides 
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1.1  Background 
1.1.1 Disturbance Hydrology and Socio-hydrologic Responses 
Modern civilization and human activities are altering landscapes and driving climate 
change (Sivapalan et al., 2014). These anthropogenic factors can affect hydrology at local to global 
scales and have implications for the humans that rely upon hydrologic systems for their water 
supplies. Mirus et al. (2017) define many of these changes as disturbance hydrology, “the 
disruption of hydrologic functioning following discrete disturbances, as well as the subsequent 
recovery or change within the affected watershed system” that are due to varying levels of direct 
human involvement. Some disturbances are naturally occurring, including volcanic eruptions and 
earthquakes; some occur naturally but are potentially perturbed by human activities, including bark 
beetle infestations and wildfires. Others are the result of direct human enterprise, including 
resource extraction, climate change, and urbanization. Anthropogenic climate change alters the 
global energy budget and may be accelerating the land surface water cycle (Huntington, 2006). In 
already water-limited regions, this means that water resource scarcity is likely to intensify, and an 
estimated 0.5 to 3.1 billion people are expected to be exposed to an increase in water scarcity by 
2050 globally (Gosling & Arnell, 2016). Urbanization differs from most other hydrologic 
disturbances in that it occurs slowly and represents enduring change, but the modifications of the 
land surface and subsurface create lasting alterations to natural hydrologic regimes, including 
increases in runoff and flooding and decreases in infiltration and evapotranspiration (ET) (Shuster 
et al., 2005).  
The changes induced by hydrologic disturbances have led to increased focus on the 
interaction between hydrologic systems and human actors across multiple scales, collectively 
understood in the emerging paradigm of socio-hydrology (Sivapalan et al., 2014). In the western 
United States, climate change and historical forest management have increased the frequency and 
severity of droughts and wildfires and are altering patterns of snowmelt accumulation and runoff, 
which modify the quantity, quality, and timing of water delivery to urban systems (Hallema, Sun, 
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Caldwell, et al., 2017; Lukas et al., 2014; Union of Concerned Scientists, n.d.). Rising temperatures 
are forecast to increase urban water demand (Denver Water, n.d.), and water shortages are 
projected to escalate across major metropolitan areas worldwide (Flörke et al., 2018) and in the 
western U.S. (Brown et al., 2019). Growing populations are putting pressure on already-limited 
water systems, resulting in socio-hydrologic efforts to conserve water, diversity supply portfolios, 
and increase water reuse (Beekman, 1998; Gonzales & Ajami, 2017b; Hering et al., 2013). 
Preparing for a future with secure, reliable water resources requires a better understanding of both 
changes in hydrology associated with disturbances and their effects on water supplies, including 
the drivers of supply and demand (Ajami et al., 2008; Gonzales & Ajami, 2017a; Hering et al., 
2013). 
1.1.2 Remote Sensing Data Applications 
Remote sensing provides a means of monitoring disturbances and changes in landscape 
dynamics with frequent, spatially distributed observations (Pietroniro & Prowse, 2002; Rango, 
1994). Spectral analyses and remote sensing-derived indices can be used to monitor changes to 
vegetation, establish land cover types, and estimate changes within the hydrologic cycle (Bhanja 
et al., 2019; Roche et al., 2018). Changes in vegetation health, abundance, and characteristics can 
be assessed using vegetation indices, including the Normalized Vegetation Difference Index 
(NDVI) and Enhanced Vegetation Index (EVI), due to climate change (Li et al., 2012), wildfires 
(Kinoshita & Hogue, 2011), and urbanization (Small & Lu, 2006).  Similarly, changes to 
hydrologic states and fluxes have been assessed using remote sensing products. Estimates of 
precipitation (Stephens & Kummerow, 2007), snow extent (Micheletty et al., 2014; Nolin, 2011), 
surface water extent (Huang et al., 2018), soil moisture (Njokul & Entekhabi, 1996), and ET 
(Bastiaanssen et al., 1998; Nouri et al., 2015) can all be obtained using remote sensing data. 
Publicly-available data products for vegetation type, ET, and land cover have been developed that 
can be easily adapted for assessment of disturbances (Homer et al., 2015; Landfire, 2008; Senay 
et al., 2013). Changes in hydrology and land cover can be evaluated from remote sensing products 
themselves (Nolan et al., 2015) or incorporated into larger water budget analyses used to constrain 
hydrologic models (Parr et al., 2015).  
Previous studies have shown the utility of remote sensing to monitor changes in hydrology 
and land cover after wildfires and as urban landscapes evolve. After wildfire, remote sensing has 
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been used to monitor changes in and recovery of vegetation (Kinoshita & Hogue, 2011; Riaño et 
al., 2002) and evaluate significant decreases in ET of up to 40% of pre-fire ET (Poon & Kinoshita, 
2018) in the western U.S. In urban areas, remote sensing has been used to evaluate changes to 
vegetation (Kumar, 2015; Small & Lu, 2006; Stow et al., 2003), evapotranspiration (Nouri et al., 
2015), and the potential for siting stormwater capture and reuse (Pathak et al., 2016). Boegh et al. 
(2009) report a strong agreement between ET and NDVI in urban areas (R2=0.97), indicating that 
NDVI might be used as a proxy in urban systems to analyze evaporative demand. Johnson and 
Belitz (2012) developed a remote sensing-based algorithm that uses the spatial variability of NDVI 
and the influence of water availability on NDVI to estimate the location and rate of urban irrigation 
in semi-arid climates.    
1.1.3 Wildfires and Hydrology 
Wildfires are a growing concern in the western U.S. Over the past three decades, wildfires 
have grown in size, frequency, duration, and severity (Dale et al., 2001; Westerling et al., 2006). 
Continuing changes to the climate of the western U.S., including drying and warming, are 
anticipated to perpetuate these trends (Liu et al., 2010). Changes in forest structure and function 
associated with significant increases in wildfires and warming temperatures are predicted to 
decrease ecosystem services and result in degraded water quality and less-regulated water flows, 
which are necessary for healthy and functioning ecological and human systems (USGCRP, 2018). 
The specific hydrologic impacts of wildfire vary by location, and quantifying these changes 
is crucial to understanding water supply in the semi-arid western U.S., where 65% of urban water 
supplies are derived from forested catchments (Furniss et al., 2010). Post-fire changes have been 
reported for peak flows (Saxe et al., 2018; Scott & Van Wyk, 1990), event-based runoff and 
maximum discharge (Ohana-Levi et al., 2018), baseflow regimes (Kinoshita & Hogue, 2015), ET 
(Poon & Kinoshita, 2018), soil moisture storage (Boisramé et al., 2018), snow storage and melt 
(Micheletty et al., 2014), and water yield (Hallema et al., 2018; Hallema, Sun, Bladon, et al., 2017; 
Hallema, Sun, Caldwell, et al., 2017; Wine, Cadol, et al., 2018). Wine, Makhnin, et al., (2018) 
conclude that wildfire-generated increases in streamflow of approximately 20% for some basins 
in the western U.S. may offset climate change-induced decreases in streamflow. Accurately 
characterizing these changes, particularly to water yield and timing, are essential components for 
downstream water utilities to incorporate in planning for reliable, resilient future water supplies. 
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1.1.4 Urban Hydrology and Water Demand 
Urbanization, both new development and redevelopment, changes water use patterns and 
alters water demand, particularly for outdoor water use (OWU).  New developments create new 
demand for water, and infill development, or redevelopment, may alter the spatial and temporal 
patterns of water demand. Infill is defined as adding new development within existing developed 
areas; often, this means developing vacant or underutilized parcels of land and converting single-
family residences to multifamily units (McConnell & Wiley, 2010). The practice is increasingly 
popular in urban planning in order to increase density and reduce urban sprawl; however, the 
practice results in increased imperviousness, reduced private green space, and an increased number 
of households. Changes to total water demand, the partitioning of demand between indoor and 
outdoor uses, and the potential influence of new public green spaces on irrigation demand are not 
well understood in these dynamic urban environments. Additionally, urban water systems largely 
do not account for non-stationary risks and are threatened by variable precipitation, mismatches 
between the timing of water supply and demand, and potential infrastructure failure, which are 
essential components of water management strategies (USGCRP, 2018). 
The growth of urban populations in the western U.S. creates new demand within water 
systems for both indoor and outdoor use (Savini & Kammerer, 1961). Significant progress has 
been made in recent years toward increasing indoor water use efficiencies and reducing per capita 
water use (DeOreo et al., 2016). However, projections indicate that water supplies in over 70% of 
U.S. counties will be at risk by 2050 according to the Water Supply Sustainability Risk Index, with 
approximately 30% of counties at extreme risk, primarily in the western U.S. (Roy et al., 2012). 
These projections account for the current development of local water resources, susceptibility to 
drought, growth in water withdrawal, increased need for storage, groundwater use, and climate 
change. In semi-arid areas of the western U.S., OWU comprises large portions of total urban water 
demand, and summer use can comprise up to 80% of total annual use in some cities (Opalinski et 
al., 2019). In Denver, OWU makes up an estimated 50% of total annual single-family residential 
water use (Denver Water, 2019b). Therefore, OWU provides an opportunity for water utilities to 
target conservation and reduce system-level demand.  
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1.2 Research Motivations, Objectives, Questions, and Hypotheses  
 This section summarizes the research motivations and objectives as well as associated 
research questions and hypotheses for each chapter of this dissertation. 
1.2.1 Objective 1: Hydrologic Partitioning and Water Yield after Wildfire 
The motivations for the research performed in Chapter 2 are 1) the need for better 
understandings of the contributions of wildfire prone catchments to downstream water supplies 
including volume and timing of water delivery and 2) the paucity of literature that explicitly 
quantifies hydrologic partitioning after wildfires. Most studies to date focus on changes to 
individual components of the hydrologic cycle at small hillslope scale or aggregate the impact of 
wildfire across both burned and unburned areas of larger basins. Therefore, the objectives of 
Chapter 2 are to 1) examine post-fire changes to components of the hydrologic cycle and holistic 
partitioning of the water budget, 2) identify the ecohydrologic roles of pre- and post-fire vegetation 
regimes in hydrologic partitioning, and 3) quantify changes in water yield as a result of wildfire in 
a forested headwaters catchment. Using satellite-based and reanalysis data products, the research 
in Chapter 2 answers the following questions and addresses the corresponding hypotheses: 
Question 1.1: How does wildfire affect ET in a forested watershed, and how do these changes 
relate to vegetative regimes during post-fire recovery? 
Hypothesis 1.1: Greater reductions in ET after wildfire are associated with higher severity 
burns and correspond to (a) a vegetative shift as forest stands are removed and replaced 
and (b) a decrease in Normalized Difference Vegetation Index (NDVI). 
Question 1.2: How do changes in ET contribute to partitioning of the hydrologic cycle in a forested 
headwaters catchment, and for how long do these changes persist? 
Hypothesis 1.2: Reductions in ET partition primarily into increases in streamflow, soil 
moisture, and storage; alterations to hydrologic partitioning last for a minimum of five (5) 
years. 
Question 1.3: What is the expected increase in long-term water yield as a contribution to 
downstream water supply from the burned areas of forested basins? 
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Hypothesis 1.3: Forested headwaters basins experience increases in water yield of at least 
25% from burned areas for at least five (5) years after wildfire.  
1.2.2 Objective 2: Climate, Land Cover, and Trends in Outdoor Water Use 
The research presented within Chapter 3 is motivated by 1) the significant portion of total 
urban demand that is comprised of OWU, which is approximately half of residential water use in 
Denver, 2) the currently poor understanding of the drivers, magnitude, and spatiotemporal patterns 
of OWU in semi-arid and arid cities, and 3) the need for improved demand forecasting tools that 
incorporate the unique characteristics and drivers of OWU. The objectives of Chapter 3 are to 1) 
identify the spatial and temporal trends of OWU in Denver, 2) elucidate the relationships between 
climatic and land cover variables and OWU, and 3) evaluate trends in the portion of total water 
demand composed of OWU. By adapting a remote sensing-based methodology to calculate 
irrigation rates, Chapter 3 answers the following questions and evaluates the associated 
hypotheses: 
Question 2.1: Is the influence of climate on interannual variations in outdoor water use driven 
primarily by moisture availability (precipitation) or demand (temperature) in water-limited urban 
environments? 
Hypothesis 2.1: Precipitation most strongly influences irrigation rates in Denver. There is 
a significant inverse relationship between water year precipitation and OWU and a 
significant direct relationship between growing season mean daily high temperature and 
OWU. 
Question 2.2: How do increases in impervious land cover affect irrigation rates at the census block 
group scale? 
Hypothesis 2.2: Increasing impervious land cover within a census block group initially 
increases OWU as green spaces are installed and irrigated. Past a certain threshold of 
imperviousness, OWU decreases as impervious surfaces reduce irrigated areas within a 
block group. 
Question 2.3: What are the temporal trends in urban irrigation at the census block group scale, 
and how are climate change and land cover influencing the variability in these trends? 
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Hypothesis 2.3: OWU is not changing significantly through time in Denver. Climate 
change is not appreciably influencing trends in irrigation during the 24-year study period, 
and increased impervious land cover is associated with decreasing trends in OWU and 
OWU as a percent of total demand. 
1.2.3 Objective 3: Redevelopment and Outdoor Water Use 
The motivations for the research presented in Chapter 4 are 1) the increasingly large portion 
of consumptive water use in urban systems represented by OWU as indoor efficiency and reuse 
increase, 2) the recognition of OWU as a climate adaptation challenge in urban systems as rising 
temperatures drive increasing demand, and 3) the poorly understood interactions between 
redevelopment and system-level demand of urban water systems. The objectives of Chapter 4 are 
to 1) assess the differences in OWU by land use class and 2) explore the anticipated impacts of 
infill development on residential demand. Utilizing remote sensing-derived irrigation values at the 
parcel scale in Denver, the research presented in Chapter 4 answers the following questions and 
accompanying hypotheses:  
Question 3.1: How does outdoor water use vary by land use type? 
Hypothesis 3.1: Outdoor water use rates normalized to total parcel area show a positive 
relationship with irrigated area and an inverse relationship with percent impervious area. 
Therefore, the parks and open space class will have the highest irrigation rates, while the 
commercial, industrial, and institutional class will exhibit the lowest rates.  
Question 3.2: What are the cumulative effects of increased residential density on outdoor water 
use? 
Hypothesis 3.2: The conversion of single-family residential properties to multi-family 
residences significantly decreases outdoor water use, and the percentage of single-family 







INCREASED WATER YIELD AND ALTERED WATER PARTITIONING 
 FOLLOW WILDFIRE IN A FORESTED CATCHMENT  
IN THE WESTERN U.S. 
 
Reproduced with permission1 from Wiley and Ecohydrology2 
Kyle Blount3, Christopher J. Ruybal4, Kristie J. Franz5, Terri S. Hogue4 
2.1 Abstract 
As wildfires in much of the western United States increase in size, frequency, and severity, 
understanding the impact of these fires on water yield from forested headwaters basins is essential 
to successful management of water resources. The current study examines the changes in 
partitioning of the hydrologic cycle in the Mill Creek Basin that follow the Chippy Creek Fire in 
Montana, USA, due to alterations to the vegetative regime. The analysis utilizes remote sensing-
based vegetation indices and evapotranspiration, a model-interpolated precipitation product, and 
discharge data to assess annual water budgets and vegetative regimes in the Mill Creek Basin. 
After being almost 90% burned in the Chippy Creek Fire, vegetation in the catchment shifted from 
almost exclusively mixed conifer forest to sagebrush scrubs and grasses. This shift in vegetation 
was accompanied by abrupt shifts in partitioning of the water budget, resulting in an altered 
ecohydrologic regime. Post-fire, evapotranspiration decreased annually by 250 mm (46%), and 
evaporative fraction decreased by 0.53. However, evapotranspiration product biases may 
overestimate this decrease from pre- to post-fire. This decrease in evapotranspiration results in an 
annual increase in streamflow of 136 mm, a 21% increase in the runoff ratio, and a 140% increase 
in water yield. These changes to the water budget are consistent for 10 years post-fire and show 
no trend towards pre-fire values during the study period. Results will help inform planning and 
 
1 See Appendix A for permissions. 
2 This study should be cited as: Blount, K., C.J. Ruybal, K.J. Franz, and T.S. Hogue (2019). Increased water yield and   
   altered hydrologic partitioning follow wildfire in a forested catchment in the western U.S. Ecohydrology.  
   doi:10.1002/eco.2170. 
3 Hydrologic Science and Engineering, Colorado School of Mines, Golden, CO 
4 Department of Civil and Environmental Engineering, Colorado School of Mines, Golden, CO 
5 Department of Geological and Atmospheric Sciences, Iowa State University, Ames, IA 
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management of water resources downstream of forested catchments that have been impacted by 
wildfire. 
2.2 Introduction 
Wildfires are a constant threat and growing concern in the western United States. Over the 
past three decades, wildfires in the western U.S. have grown in size, frequency, length, and severity 
(Dale et al., 2001; Westerling et al., 2006). Westerling et al. (2006) identify longer wildfire seasons 
associated with higher temperatures and earlier snowmelt, primarily in mid-elevation Northern 
Rockies forests. They also show a significant change in fire behavior in the western U.S. during 
the mid-1980’s with a 400% increase in wildfire frequency and 650% increase in total area burned 
from the 1970-1986 to 1987-2003 periods. Continuing changes to the climate of the western U.S., 
including drying and warming, are anticipated to perpetuate the ongoing trends of larger, more 
frequent, and more severe wildfires in the western U.S. (Liu et al., 2010). Changes in forest 
structure and function associated with significant increases in wildfires and warming temperatures 
are predicted to decrease ecosystem services and result in degraded water quality and less-
regulated water flows, which are necessary for healthy and functioning ecological and human 
systems. New water management strategies are necessary to incorporate these changing risks and 
account for the effects these changes will have on human and natural systems (USGCRP, 2018). 
In order to address wildfires, the United States Forest Service (USFS) has engaged in fire 
suppression at a cost of $1.6 billion USD in 2004, with a steadily increasing trend of suppression 
costs (Whitlock, 2004). These costs are expected to grow to almost $1.8 billion USD, or an 
estimated 67% of the USFS budget, by 2025 and to continue to impact USFS priorities and staffing 
(USFS, 2015). The effects of fire exclusion are thought to be of less significance in Northern 
Rockies pine and spruce-fir forests than in other ecoregions of the western U.S. due to the 
infrequent, high-severity crown fire regimes in which these forests evolved (Schoennagel et al., 
2004). In these forests, dense trees and accumulations of ladder fuels represent the natural forest 
structure, which contribute to infrequent stand-replacing fires that are most significantly 
influenced by climate and fuel moisture content (Westerling et al., 2006).  
The hydrologic impacts of wildfire vary by location, and these changes are crucial to 
understanding water supply in the semi-arid western U.S., where 65% of this resource is derived 
from forested catchments (Furniss et al., 2010). Post-fire changes have been reported for peak 
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flows (Hallema, Sun, Bladon, et al., 2017; Saxe et al., 2018; Scott & Van Wyk, 1990), event-based 
runoff and maximum discharge (Ohana-Levi et al., 2018), baseflow regimes (Kinoshita & Hogue, 
2015), evapotranspiration (ET) (Poon & Kinoshita, 2018), soil moisture storage (Boisramé et al., 
2018), snow storage and melt (Micheletty et al., 2014), and water yield (Hallema, Sun, Caldwell, 
et al., 2017; Saxe et al., 2018; Wine, Cadol, et al., 2018). In the western U.S., increases in 
streamflow due to wildfire may offset decreases in precipitation due to climate change (Hallema 
et al., 2018) and have been shown to last for at least five years (Hallema, Sun, Caldwell, et al., 
2017; Kinoshita & Hogue, 2015; Wine & Cadol, 2016). Similarly, Wine, Makhnin, et al., (2018) 
conclude that wildfire-generated increases in streamflow of approximately 20% for some basins 
in the western U.S. may offset climate change-induced decreases in streamflow.  Wildfires can 
also alter the water quality of downslope streams in terms of sediment yield and metal and nutrient 
loading, all critical to downstream water supply (Burke et al., 2013; Delwiche, 2010; Rust et al., 
2018; Sankey et al., 2017). Post-fire periods also pose significant risks of flooding and debris 
flows, threatening life and property (Cannon et al., 2008). A better understanding of these post-
fire responses is necessary to promote sustainable communities, and especially water supplies, in 
a changing climate.  
ET has significant control on hydrologic partitioning in forested basins. At least 60-70% 
of ET is partitioned as transpiration in forested watersheds (Schlesinger & Jasechko, 2014), and 
ET accounts for 85-100% of annual precipitation in western U.S. forests (Yaseef et al., 2010). 
Changes to the vegetative regime within a basin following a wildfire can be expected to alter the 
magnitude and spatial patterns of ET due to the role that vegetation plays in moderating the 
hydrologic cycle (Wang et al., 2018). Reductions in ET are expected following wildfire 
disturbance largely due to a loss of transpiration from forest canopies, which are killed or removed 
during the fire, and subsequent replacement by grasses and shrubs (Boisramé et al., 2018; Naranjo 
et al., 2012; Nolan et al., 2015). Poon and Kinoshita (2018) identify a reduction in ET of 9-36%, 
equivalent to 91-352 mm, after the Las Conchas Fire in New Mexico; however, this analysis only 
extends for three years after the occurrence of the fire and does not capture long-term trends or 
recovery. Using an empirical relationship between Landsat-derived mean annual normalized 
difference vegetation index (NDVI) and flux tower measurements of ET, Roche et al. (2018) 
identify a decrease in NDVI of 0.2 below 2,000 m in elevation, similar elevations to those in our 
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study domain, and predict ET reductions due to fire of 265 mm and 113 mm annually for the 
American and Kings basins in the Sierra Nevada range of California.   
The development of a resilient water supply below wildfire-prone catchments therefore 
requires innovation aimed at responding to changes in the volume, timing, and quality of water 
delivered to the system, once these variables are better understood. There is a paucity of literature 
that explicitly quantifies water partitioning after wildfires. Most studies focus on changes to 
individual components of the hydrologic cycle at a small hillslope scale or aggregate the impacts 
of wildfires across both burned and unburned areas of larger basins. This study builds upon 
previous work by incorporating satellite-based and reanalysis data products to examine changes to 
the components of the hydrologic cycle, including streamflow and ET, the partitioning of the water 
budget, the role of vegetation regimes, and the quantity of water yield increase in a forested 
headwaters catchment after wildfire. We focus on three primary research questions:   
I. To what degree does fire alter ET in a forested watershed, and how do these changes 
relate to post-fire vegetative dynamics? 
II. How do changes in ET contribute to overall changes in the hydrologic cycle in a 
forested catchment? 
III. What is the expected increase in long-term water yield as a contribution to 
downstream water supply from the burned areas of these basins? 
We utilize the Mill Creek basin as it represents a unique opportunity to elucidate the effects 
of wildfire on hydrologic fluxes due to its vegetation, burn pattern, and scale. Almost 95% of the 
basin was forested prior to the fire, and almost 90% of the basin burned during the Chippy Creek 
Fire with over 65% at a high or moderate severity. The fire occurred in 2007, allowing for 
application of Moderate Resolution Imaging Spectroradiometer (MODIS)-based actual 
evapotranspiration products for analysis during pre- and post-fire periods. The study area also 
allows for the identification of changes to partitioning and water yield without large confounding 
contributions from unburned areas above stream gages monitoring resulting streamflow. 
2.3 Data and Methods 
Changes within individual components of the hydrologic cycle are assessed through a 
water budget analysis for the Mill Creek Basin before and after the Chippy Creek Fire in 2007. 
Data were gathered for ET, streamflow (Q), and precipitation (P) as described in following 
12 
 
sections. To assess relationships to vegetation and relevant fire parameters, data were also obtained 
for vegetation types and indices as well as burn severity. Finally, statistical analyses used to assess 
changes to the components and partitioning of the hydrologic cycle in Mill Creek are described. 
2.3.1 Study Area 
The Mill Creek watershed (47°49'47.38" N, 114°41'52.20" W), delineated above USGS 
gage 12374250, covers 50.73 km2 and is located in the Rocky Mountains of western Montana, with 
a mean elevation of 1,414 m (Figure 2.1). This basin exists in a semi-arid climate that is classified 
as humid continental warm summer (Dfb) in the Koppen-Geiger climate classification (Kottek et 
al., 2006). Mean annual precipitation (MAP) in the basin is 638 mm from water year (WY) 1982-
2017 as derived from the Parameter-elevation Regressions on Independent Slopes Model (PRISM) 
(Daly et al., 2008). Precipitation occurs throughout the year, with maximum average monthly 
values of 74 mm in June and November and minimum average values of 26 mm in August. Mean 
annual potential ET is 755 mm, peaking at 124 mm in June and decreasing below 5 mm from 
December through February; annual potential ET exceeds P by 117mm (Abatzoglou et al., 2018). 
Daily snow water equivalent (SWE) values from SNOTEL station 510, Hand Creek, MT, from 
1977-2018 indicate that snowmelt typically begins in April, and snowpack declines almost entirely 
during May (USDA, 2019). SNOTEL station 510 is located approximately 53 km away from Mill 
Creek at an elevation of 1535 m, slightly higher than the mean elevation of the study area. This is 
the closest station to the Mill Creek basin within its elevation range. 
Soils within the basin consist primarily of sandy, silty, and gravely loams, or some 
combination thereof, that are well drained to somewhat excessively drained. The depth- and area-
weighted average soil texture within the basin is classified as loam, with 11% clay, 50% sand, and 
39% silt (Soil Survey Staff, 2017). Saturated hydraulic conductivities range from 1.42x10-5 m/s to 
8.60x10-5 m/s and average 2.44x10-5 m/s. Most soils fall within the hydrologic soil group B, 
representing well-drained soils with moderate infiltration rates when thoroughly wet (Soil Survey 
Staff, 2017). Plant available water within the basin is estimated to be an average of 0.13 m/m based 
on soil texture (Saxton & Rawls, 2006). Over 90% of the watershed area has a reported soil depth 
to restrictive layer greater than 200 cm (Soil Survey Staff, 2017), and the average regolith thickness 
within the basin is 18.46 m (Pelletier et al., 2016). Using these values, we calculate the 
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transmissivity of the basin to be approximately 38.86 m2/s and maximum total plant-available 
water storage as 2,416 mm. 
 
 
Figure 2.1. Mill Creek Basin study site in western Montana, showing (a) fire location, (b) elevation, 
(c) burn severity, and (d) land cover. (c) Burn severity shows unburned (U), low (L), moderate 
(M), high (H), and increased greenness (IG). (d) Land cover is shown pre-fire (2006) and post-fire 
(2011), categorized as evergreen forest (EF), shrub/scrub (SS), herbaceous grassland (GH), pasture 
and hay (PH), woody wetlands (WW), and emergent herbaceous wetlands (HW) (NLCD 2006, 
2011). 
 
From July 31 to September 3, 2007, the Mill Creek watershed was affected by the Chippy 
Creek fire, burning 87.8% of the watershed. Burn severity is classified as 42.1% at high severity, 
23.4% at moderate severity, and 22.2% at a low severity. No other fires occurred within the basin 
as identified by the Monitoring Trends in Burn Severity (MTBS) database (Eidenshink et al., 2007) 
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between 1984 and 2016 (Figure 2.1). Prior to the fire, Mill Creek primarily consisted of evergreen 
forest (Fry et al., 2011); however, after the fire, the vegetation shifts largely to shrubland and 
grassland (Table 2.1) (Homer et al., 2015). The Landfire program provides landscape scale 
geospatial data products, including an existing vegetation type (EVT) product, for the purpose of 
wildland fire planning, management, and operations. According to the Landfire EVT products, pre-
fire coniferous forests consisted of primarily Douglas fir (Pseudotsuga menziesii), ponderosa and 
lodgepole pine (Pinus ponderosa and Pinus contorta), Engelman Spruce (Picea engelmannii), and 
subalpine, or Rocky Mountain, fir (Abies lasiocarpa) (Landfire, 2001). Post-fire vegetation 
consists primarily of big mountain and scabland sagebrush shrubs (Artemisia tridentate and 
Artemisia rigida) and Wheatgrass and Fescue grasses (genus Agropyron and Festuca) (Landfire, 
2008). 
 
Table 2.1. Land cover and vegetation regimes in the Mill Creek Basin from the National Land 
Cover Database (NLCD). The 2006 data represent pre-fire conditions, and 2011 represents post-
fire vegetative cover. All values are reported as percent of land area within Mill Creek. 
 
Land Cover Class within Mill Creek 
Basin 
2006 (% Area) 2011 (% Area) Percent Change 
Evergreen Forest 94.89 20.61 -74.27 
Shrub/Scrub 4.27 62.56 58.28 
Grassland/Herbaceous 0.72 16.73 16.01 
Pasture/Hay 0.04 0.02 -0.02 
Woody Wetlands 0.01 0.01 0.00 
Emergent Herbaceous Wetlands 0.07 0.07 0.00 
 
2.3.2 Precipitation 
Monthly precipitation data are obtained for the study domain from WY 2001-2017 from 
PRISM (Daly et al., 2008). PRISM was developed to create spatial climatic datasets for 
precipitation and temperature in the conterminous United States at a 4 km spatial resolution. These 
data are downloaded using the ‘prism’ package within R (Edmund & Bell, 2015). Accounting for 
location, elevation, coastal proximity, topography and orthographic effectiveness, PRISM-based 
datasets show marked improvement of gridded precipitation data when compared to other similar 
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datasets, especially in mountainous and topographically complex areas of the western U.S., 
including the current study domain (Daly et al., 2008). We use an area-weighting method, where 
all 4 km PRISM grid cells are assigned a weighted value equal to the fractional area of that cell 
that falls within the basin shapefile, to produce basin-wide mean monthly precipitation (P) across 
the Mill Creek watershed. Monthly values are then summed to obtain water year totals. 
2.3.3 Evapotranspiration 
Estimates of actual evapotranspiration (ETa) are obtained from the Operational Simplified 
Surface Energy Balance model (SSEBop) (Senay et al., 2013). SSEBop is built upon the Simplified 
Surface Energy Balance framework (SSEB) (Senay et al., 2007), which is a single source energy 
balance model similar to the Surface Energy Balance Algorithm for Land (SEBAL) (Bastiaanssen 
et al., 1998) and Mapping Evapotranspiration at high Resolution with Internalized Calibration 
(METRIC) (Allen et al., 2007) models. These older single source energy balance models, SSEB, 
SEBAL, and METRIC, require manual selection of hot and cold pixels within each thermal 
satellite image to calculate ET. SSEBop removes this requirement of manual selection and 
predefines the temperature difference (dT) between these hot and cold pixels, which is a function 
of net radiation, mean daily temperature, NDVI, elevation, and air resistance, and assumes that 
boundary conditions vary insignificantly for a given location and short time period (1-8 days) 
under clear-sky conditions. Based on this simplification, actual ET (ETa) can be estimated as a 
fraction (ETf) of a Penman-Monteith reference ET (ETo). ETf is calculated from hot, cold, and 
surface temperatures. The cold boundary temperature (Tc) is calculated by correcting the surface 
temperature, Ts, with a mean calibration coefficient between Tc pixels and PRISM-based 
maximum air temperature (Ta). The hot boundary temperature, Th, is calculated from the cold 
boundary condition and dT (Senay et al., 2013). 
The pre-processed SSEBop ETa product is available at a 1 km and monthly spatiotemporal 
scale. These products were downloaded in geotiff format from the United States Geo Data Portal, 
the USGS Early Warning and Environmental Monitoring Program, and through personal 
communication with the USGS Earth Resources Observation and Science Center for those months 
not publicly available (Senay & Kagone, 2018). ETa analyses for the current study are conducted 
over the Mill Creek basin during the 17-year period from WY2001 to WY2017. SSEBop ETa is 
extracted over Mill Creek from pre-processed SSEBop ETa monthly raster products. An area-
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weighted averaging method is used to calculate single basin-wide monthly ETa values. Monthly 
values are then aggregated over each WY to assess WY response. 
 SSEBop ETa has been used to assess post-fire ET responses in other studies. Poon and 
Kinoshita (2018) found good agreement between SSEBop and Fluxnet eddy covariance tower 
measures of monthly ET during pre- and post-fire periods. They identified consistency between 
post-fire monthly SSEBop ETa and flux tower measurements for mixed conifer (R2=0.56, 
RMSE=26.48 mm/month) and ponderosa pine (R2=0.74, RMSE=25.46 mm/month) sites in New 
Mexico following the Thompson Ridge Fire in 2013. 
2.3.4 Streamflow 
Mean daily discharge data are obtained from the USGS National Water Information 
System for the study domain during WY1983-2017 at USGS gage 12374250 (USGS NWIS, 2018). 
This gage is located at the eastern edge of the Chippy Creek Fire burn area and is used to delineate 
the Mill Creek Basin, forming the study domain (Figure 2.1). For the current study, mean daily 
discharge data are aggregated to annual water year runoff depth to assess annual water budgets for 
WY2001-2017. The mean daily discharge data are also used to create flow duration curves (FDCs) 
to assess the distribution of streamflow values for pre- and post-fire periods within the basin for 
WY1983-2017. 
2.3.5 Burn Severity 
The  Monitoring Trends in Burn Severity (MTBS) thematic burn severity product is created 
from Landsat-based differenced Normalized Burn Ratio (dNBR) images and by separating classes 
of severity (high, moderate, low, unburned to low, and increased greenness) based upon the 
distribution of dNBR values and cross-validation (Eidenshink et al., 2007). For the current 
analysis, we obtain the thematic burn severity image for the Chippy Creek Fire, which ignited on 
July 31, 2007 and burned 95,656 acres in northwestern Montana. Within the Mill Creek basin, this 
represents a burned area of 44.5 km2.  
To assess ET changes relative to burn severity, the 30 m MTBS thematic burn severity 
product was aggregated to a 1 km grid matching that of SSEBop. For each cell of the 1 km SSEBop 
raster, we calculate the percent of 30 m burn severity pixels that fall within the 1 km grid that are 
classified as high or moderate burn severity to assign a percent high and moderate burn to each 
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cell of the 1 km grid. Finally, we select for analysis only those 1 km SSEBop ETa pixels containing 
at least 50% 30 m MTBS high or moderate burn severity pixels (HM>50%).  
2.3.6 Evaporative Fraction, Runoff Ratio, and Residuals 
To evaluate watershed response after the fire, we calculate two ratios that characterize 
hydrologic partitioning and the residual for each water year. Evaporative fraction (EF) was 
calculated as the quotient of ET and P, and runoff ratio (RR) was calculated as the quotient of 
streamflow depth over the Mill Creek basin (Q) and P. For each water year, a residual is calculated 
as a simple water balance, shown in equation 2.1. 𝑃 = 𝐸𝑇 + 𝑄 + 𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙     (2.1) 
The residual component is comprised of several components, shown in equation 2.2, 𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙 =  𝜀 + 𝛥𝑆 + 𝐺𝑊     (2.2) 
where 𝜀 is error due to bias in estimation of fluxes, primarily ET derived from SSEBop, 𝛥𝑆 is the 
change in basin storage, and 𝐺𝑊 is any net change in groundwater, likely out of the headwater 
basin if not zero.  
The advantages of using ratios to assess hydrologic response are twofold. First, EF and RR 
are both normalized to annual P, which accounts for the interannual variations in climate that might 
affect the magnitudes of ET or Q. Second, by comparing changes in pre- and post-fire ratios, the 
results reported are more easily compared and transferred to predict responses in other basins. Post-
fire hydrologic response of individual variables is more transferrable as ratios than as magnitudes 
for other basins with similar vegetation and fire regimes. 
2.3.7 Vegetation Indices 
NDVI is a vegetation index that measures the greenness of a scene, calculated from the 
spectral reflectance of the near infrared and red bands. NDVI can be related to a variety of 
vegetative parameters including health, abundance, leaf area index, biomass, and productivity. For 
this study, Landsat-derived mean annual maximum NDVI is calculated across Mill Creek for 
WY2001-2017 in the Google Earth Engine platform (Gorelick et al., 2017) and is used as an 
indicator of the photosynthetically active radiation and potential transpiration of the vegetation 
regime. Landsat 5, 7, and 8 image collections are used for the current analysis. For each water 
year, every image is masked for clouds, cloud shadows, water, and missing data, and NDVI values 
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for each 30 m pixel are calculated. Then, the maximum water year NDVI value for each pixel is 
selected to create a maximum NDVI composite image for each year. The maximum NDVI value 
of each pixel within the basin from the composite is averaged to create the mean maximum annual 
NDVI value. Finally, we apply linear transformations of Landsat 5 and 8 NDVI values (𝑁𝐷𝑉𝐼𝐿5 
and 𝑁𝐷𝑉𝐼𝐿8, respectively) to standardize differences in mission reflectance to Landsat 7 values, 
equivalent to both standardized Landsat 5 and 8 values (𝑁𝐷𝑉𝐼𝐿5_𝑠𝑡𝑑 and 𝑁𝐷𝑉𝐼𝐿8_𝑠𝑡𝑑, respectively), 
which are shown in equations 2.3 and 2.4 (Su et al., 2017).   𝑁𝐷𝑉𝐼𝐿5_𝑠𝑡𝑑  =  1.1307 × 𝑁𝐷𝑉𝐼𝐿5 − 0.0571   (2.3) 𝑁𝐷𝑉𝐼𝐿8_𝑠𝑡𝑑  =  0.9938 × 𝑁𝐷𝑉𝐼𝐿8 − 0.0167   (2.4) 
NDVI serves as both an indicator of vegetation characteristics and water partitioning. 
Higher NDVI values are associated with higher rates of transpiration from forests and healthy, 
well-watered vegetation. Roche et al. (2018) use an empirical relationship between NDVI and flux 
tower ET measurements to model ET responses after fire. Because transpiration comprises a 
majority of ET in western U.S. forests, NDVI serves as an indicator of the link between vegetation 
and ET flux and expected responses in ET that vary with vegetation type and health.  
2.3.8 Statistical Methods 
Statistical analyses are conducted using analysis of variance (ANOVA), Flow Duration 
Curves (FDCs), Kolmogorov-Smirnov test (K-S test), K-means clustering, and changepoint 
analyses. An ANOVA test is utilized to identify differences in the monthly means of P and ETa, 
both across the basin and in the selected (HM>50%) SSEBop pixels, for each water year. FDCs 
are created to examine the distributions of streamflow during pre- and post-fire periods. Each water 
year is plotted individually along with the mean and median distributions for each period. The 
differences in pre- and post- fire mean distributions of streamflow are assessed using the two-
sample K-S test, and the resulting differences in mean distributions are plotted. The K-S test is a 
non-parametric test of differences between two continuous distributions. Pre- and post-fire 
relationships of ETa and P are examined using K-means clustering to assess changes to ETa and 
hydrologic partitioning. Both gap and silhouette evaluation identify the optimal number of clusters 
as two. By examining the relationship between ETa and P, we account for climate effects and 
moisture availability on ETa and identify unique hydrologic regimes. Finally, changepoint analyses 
are conducted on ETa, P, Q, EF, and RR using the ‘changepoint’ package in R (Killick et al., 2016). 
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Changepoint analysis examines a timeseries to identify the positioning of changepoints – here, 
changes in timeseries mean – and where in the timeseries these changes occur. We use the at most 
one change method and asymptotic penalty with a theoretical type I error of 0.01. 
 
2.4 Results 
We discuss the observed changes to each of the components of the water budget and 
calculated hydrologic ratios below. Figure 2.2 shows a conceptual model of the Mill Creek basin 
that summarizes these results, including indications of both the direction and magnitude of change 
in hydrologic fluxes and states after the Chippy Creek Fire. 
 
 
Figure 2.2. A conceptual model of the hydrology of Mill Creek basin showing hydrologic fluxes 
and states. Arrows represent the direction of change, increasing (up) or decreasing (down), of the 
component after the Chippy Creek fire. Results are shown for the absolute magnitude and percent 
of estimated change. These values have not been bias-corrected, and the subsurface storage (1) 
uses residual values, which include model error for the estimate of fluxes. Precipitation shows no 
change in pre- to post- fire periods, and increases in runoff and baseflow are inferred from results, 
but not quantified. 
 
2.4.1 Precipitation 
Though no significant long-term trends in P are observed during pre- and post-fire periods, 
there is an observed changepoint in the annual mean of P after WY2004 (Figure 2.3, α=0.01). 
During WY2001-2004, mean annual P (MAP) is 518 mm. The MAP increases by 146 mm to 664 
mm during WY2005-2017. This increase in P prior to the fire, from WY2004 to WY2007, does 
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not coincide with an increase in ET, EF, Q, or RR during the same period. Therefore, the observed 
shift in MAP does not cause changes in ET, runoff, or water yield from the catchment, nor does it 
appear to alter the partitioning of the hydrologic cycle in pre-fire years. 
 
 
Figure 2.3. Changepoint plots identifying the break in means for hydrologic variables: actual 
evapotranspiration, streamflow, evaporative fraction, runoff ratio, and precipitation. Data are 
plotted in black with square markers, while pre- and post-changepoint means are plotted as red 
lines. Vertical dashed lines represent the occurrence of the Chippy Creek Fire in WY2007. 
 
2.4.2 Evapotranspiration and Evaporative Fraction 
Changes in ETa occur abruptly after the occurrence of the Chippy Creek Fire at the end of 
WY2007 (Figure 2.4). Both annual ETa flux and EF decrease after the fire. SSEBop estimates of 
mean annual ETa decrease by an average of 250 mm, from 547 mm to 297 mm, and the mean EF 
drops from 0.98 to 0.45, a reduction of 0.53. These decreases represent a decline in annual ETa of 
46% from pre-fire conditions. Post-fire ET represents 31% less annual P partitioned to ET. Annual 
ETa values remain consistently above 400 mm during the pre-fire record despite the lower P 
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magnitudes from WY2001-2004. EF is greater than one in WY2001, 2003, and 2004 before 
decreasing prior to the Chippy Creek Fire. EF values over one indicate more water leaving the 
basin in a year as ET than enters the basin as P. WY2001, 2003, and 2004 represent the driest 
years, all below 550 mm of P, during the period of record, and EF values decrease with higher P 
values before the fire in WY 2005 and 2006.  
 
 
Figure 2.4. Timeseries of study period hydrologic variables and partitioning. The top panel 
displays components of the hydrologic cycle utilized in water balance analysis: precipitation (P), 
actual evapotranspiration (ET), streamflow (Q), and residuals. The bottom panel shows the 
partitioning variables of evaporative fraction (EF) and runoff ratio (RR) as well as mean annual 
maximum NDVI as a measure of vegetation. 
 
Decreases in SSEBop estimates of ETa are statistically significant (α=0.05) for all study 
years after the fire, even when not controlling for climate by normalizing ETa to P (Figure 2.5). 
Mean ETa values for pre-fire years (WY2001-2006) are not statistically different from one 
another, and the mean of all post-fire years (WY2008-2017) is significantly different (α=0.05) 
from the pre-fire mean. SSEBop-estimated ETa for WY2007 is also significantly different from 
the pre-fire mean; however, it is not statistically different from WY2003, the year of lowest ETa 
in the basin before the fire. Pre-fire and post-fire means show smaller ranges within the confidence 
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intervals because they aggregate six and 10 years of data, respectively, which increases the sample 
size and narrows the confidence intervals. 
 
 
Figure 2.5. ANOVA comparison of means for monthly evapotranspiration and precipitation. For 
each plot, pre-fire periods are shown in blue, the year of the fire (WY2007) is shown in black, and 
post-fire years are shown in red. The 95% confidence interval about the pre-fire mean is shown in 
the vertical red dashed lines. 
 
Significant changes in the SSEBop-estimated mean annual ETa and EF occur between WY 
2006 and 2007 (Figure 2.3). Although the fire occurred during the final two months of WY 2007, 
the impact of changes in these final two months was enough to affect the annual total ETa in 2007. 
ETa in WY2007 is statistically different from the pre-fire mean, and this shift represents enough 
change for the changepoint in means to occur before 2007. However, the ANOVA analysis also 
shows that ETa in WY2007 is significantly different from the post-fire mean ETa (Figure 2.5); 
therefore, WY2007 represents a transitional year from pre- to post-fire ET regimes.  
After the Chippy Creek Fire, SSEBop ETa in Mill Creek consistently remain at or below 
350 mm annually, with WY2014 (362 mm) being the lone exception, corresponding to the second 
highest precipitation year during the study period. EF remains below 0.5 with the exception of 
WY2010 (0.58). Neither ETa nor EF show any trajectory towards pre-fire values, and both remain 
below pre-fire means in WY2017.  
Similar patterns emerge when comparing estimates of ETa across Mill Creek with 
estimates of ETa in the selected HM>50% pixels (Figure 2.5). Pre-fire mean monthly ETa is 
marginally, though not significantly, higher in the HM>50% pixels than across the basin. Post-fire 
mean monthly ETa in the selected pixels is slightly, but also not significantly, lower than post-fire 
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mean ETa across the basin. The resulting decreases in mean monthly ETa from pre- to post-fire 
periods are greater in the HM>50% pixels than across the basin, which includes the HM>50% 
pixels in its analysis, by about 5 mm/month.   
Post-fire decreases of 250 mm of estimated ETa annually occur after the fire represent 
almost a 50% reduction in annual ETa. This sharp decrease in ET is largely due to the removal of 
forest canopy and reduction of transpiration, and post-fire partitioning of P into ET represents a 
distinct shift to a new hydrologic regime (Figure 2.6). K-means clustering identifies distinct pre- 
and post-fire clusters, with the fire year WY2007 in the pre-fire cluster. 
 
 
Figure 2.6. The clusters identified for the pre- and post-fire hydrologic partitioning of ET and P 
using k-means clustering. Both gap and silhouette evaluations identified two clusters as optimal. 
Pre-fire data are shown with blue squares, and post-fire data are shown with red circles. The fire 
year, WY 2007, is identified as belonging to the pre-fire cluster. 
 
2.4.3 Normalized Difference Vegetation Index 
 NDVI decreases after the Chippy Creek Fire (Figure 2.4). Basin maximum composite mean 
NDVI decreases from 0.80 pre-fire to 0.59 after the fire. Decreases are largest for the first three 
post-fire years, with all values below 0.66 and a minimum value of 0.42 in WY2008. Unlike ET, 
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a recovery trajectory of increasing NDVI towards pre-fire means is seen in the first five years after 
the fire as vegetation regrows after the fire (Figure 2.1, Table 2.1); however, NDVI never recovers 
to the pre-fire mean and appears to approach either a new equilibrium or an inconsistent and slow 
recovery in the last 6 years of analysis. The maximum post-fire value of 0.66 occurs in WY2017, 
which is 0.13 less than the lowest pre-fire value and 0.14, or 18%, less than the pre-fire mean. This 
represents a 63% recovery of the difference from pre-fire mean and WY2008. 
2.4.4 Streamflow and Runoff Ratio 
Both Q and RR increase in WY2008 after the Chippy Creek Fire (Figure 2.4).  Mean annual 
Q increases by 141%, from 96 mm to 232 mm. Similarly, RR increases by 131%, from 0.16 to 
0.37. Increases in Q do vary with interannual variations in P after the fire; absolute increases in Q 
are greater in years with higher P. However, consistent increases in RR combined with any changes 
to subsurface flow represent an increased water yield of 136 mm/year, or 20% of annual P from 
the Mill Creek Basin after fire occurrence.   
Mill Creek is a snowmelt-dominated watershed, characterized by low winter baseflows and 
high late spring and early summer snowmelt runoff (Figure 2.7). These patterns remain consistent 
between pre- and post-fire periods; however, much larger increases in event-based discharge, 
especially during spring snowmelt, occur post-fire (Figure 2.8). Increases in baseflow do occur, 
indicating increased storage within the basin. Center of mass analysis using cumulative density 
functions identifies no significant alterations in the timing of discharge from the basin. 
Annual Q is distributed approximately normally around the mean, shown by the close 
agreement between the mean and median distributions (Figure 2.8). Mean and median streamflow 
distributions during post-fire years increase across all exceedance probabilities; however, these 
increases are greater at lower exceedance probabilities. Using a two sample K-S test, the mean 
distributions of pre- and post-fire streamflow represent different regimes (p<0.001). The smallest 
increases occur in winter baseflow (exceedance probability>75%), and greater increases occur 
during snowmelt-driven runoff as the volume of discharge increases. The greatest increases in Q 
occur for larger event-based runoff (exceedance probability<10%), which often occur during 
summer months, coinciding with higher discharge values from snowmelt and summer rain (Figures 
2.7 and 2.8). Like the intra-annual variation in ET, larger increases in Q occur during years with 
higher P (Figure 2.4). WY2011 represents the largest magnitudes of P, Q, and RR observed during 
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the study period. WY 2012, 2014, and 2017 constitute the next three highest P and Q years and 
three of the next five largest RR values. 
 
 
Figure 2.7. Streamflow ensemble showing daily mean discharge at USGS 12374250 for individual 
water years. Each blue line represents one water year during the pre-fire period (WY1983-2006), 
and each red represents a post-fire water year (WY2008-2017). 
 
2.4.5 Water Balance Residuals 
 Residuals represent the difference between inputs and outputs to the system, signifying 
either changes in storage (ΔS) or errors in measurement and model performance resulting in a 
failure to close the water balance (ε). Annual residual values range between -169 mm to 200 mm 
(Figure 2.4). These residuals show a maximum of 36% of P in WY2001 and a minimum of 0.73% 
of P in WY2005. The mean residual during the study period is 60 mm, representing 7.8% of annual 
P.  The direction of the residuals shifts from negative to positive from WY2004 to WY2005, 
matching the changepoint for the increase in MAP (Figures 2.3 and 2.4). Therefore, negative 
residuals occur during the drier period of WY2001-2004 (MAP = 518 mm) and shift to positive 
values in the wetter period of WY2005-2017 (MAP = 664 mm), which includes both pre- and post-
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fire years. The difference between these means in P and residual are both significant at an α=0.01 
level. All post-fire years demonstrate positive residual values, with a mean of 135 mm/year. 
 
 
Figure 2.8. Flow Duration Curves (FDCs) for pre-fire period (1983-2006; top left) and post-fire 
period (2008-2017; top right). Both panels show the mean and median of these distributions and 
are reproduced in the bottom left panel. The difference between mean post-fire and pre-fire 
distributions is taken and shown in the bottom right panel. 
 
2.5 Discussion 
2.5.1 Evapotranspiration, Bias, and Vegetation 
The removal of vegetation during the Chippy Creek Fire leads to a mean annual decrease 
of 250 mm of SSEBop-estimated ETa. These results are within the range of ET decreases reported 
by Poon and Kinoshita (2018) and Roche et al. (2018) for primarily conifer forests and mixed 
conifer forests, respectively, and in watersheds with a lower percent area burned. However, these 
estimates likely represent an overestimation of the difference between pre- and post-fire ET. No 
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observations are available within the basin, so the bias is contextualized by comparing to P-Q and 
utilizing published values of bias. Examining values of P-Q and assuming no change in storage, 
post-fire ET would decline by 56 mm annually; however, the true value is likely intermediate to 
these two estimates. Assessing P-Q values from 1982, a likely storage deficit of approximately 
325 mm exists at the beginning of the study period, making post-fire increases in storage plausible 
and indicating that ΔS≠0.  
Assessments of SSEBop ETa have been found an RMSE of 27 mm/month compared to 
forested AmeriFlux sites (n=228), 27 mm/month compared to grassland AmeriFlux sites (n=84), 
and 15 mm/month compared to shrubland AmeriFlux sites (n=24); visual inspection of the scatter 
plot of these results indicates a positive bias for forest and shrubland sites and a negative bias for 
grassland sites (Senay et al., 2013). Chen et al. (2016) report slightly lower measures of error: 
RMSE values of 17, 14, and 13 mm/month compared to 42 AmeriFlux tower sites for forest, 
shrubland, and grassland sites, respectively. Poon and Kinoshita (2018) report a decrease in mean 
bias error (MBE) (22.58 mm/month to 13.3 mm/month) for a mixed forest site and increase in 
MBE (-8.70 mm/month to -17.95 mm/month) for a ponderosa pine site. The difference in pre- and 
post-fire MBE identified by in this study is similar (9.28 and 9.25 mm/month for mixed conifer 
and ponderosa pine sites, respectively) despite different directions and magnitudes of bias and 
different vegetation. Using these values for MBE, SSEBop overestimates the difference in pre- 
and post-fire ET by approximately 111 mm/year. Using this value for bias correction, we estimate 
that Mill Creek experienced an annual decrease in ETa of 139 mm after the Chippy Creek fire. 
The current analysis utilizes SSEBop ETa estimates, but results should not be examined outside 
of the context of likely overestimation of pre- and post-fire ETa. Similarly, the residual component 
is comprised of both changes in storage (∆S) and error within the data products utilized (ε), and 
changes in storage are likely smaller in magnitude than the residuals due to the overestimation of 
pre- and post-fire ETa within SSEBop.  
The EF decreases of 54% in Mill Creek exceed any decrease reported by Poon and 
Kinoshita (2018), and despite lower burned areas in basins examined within their study, a portion 
of the 54% decrease could be due to the bias within SSEBop. Half of the pre-fire annual EF values 
are greater than one, indicating a greater flux of water out of the basin through ET than is received 
as P into the basin in each of these years. This disparity could be due to several reasons, including 
uncertainty within PRISM and SSEBop data. These products report an average cross-validation 
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MAE of 8.18 mm/month for P in the western U.S. (Daly et al., 2008) and RMSE of  21-27 
mm/month of ETa for relevant vegetation (Senay et al., 2013), potentially leading to a larger 
estimation of decrease in EF than occurs post-fire. However, EF values greater than one could also 
represent true partitioning of the water balance, which would indicate a strong connection between 
the existing forest and stored water, either as soil moisture or groundwater. Water years 2001, 
2003, and 2004, are the only years in which P for the basin is less than 550 mm and corresponds 
to the only years in which EF is greater than one. Poon and Kinoshita (2018) report ET/P ratios 
greater than or equal to 1.0 in nine of the 16 watersheds examined and a mean ET/P value of 1.06. 
A significant change in P is detected by changepoint analysis after WY2004 (Figure 2.3), 
while the ETa for the basin in these years is not statistically different from other pre-fire years 
(p=0.48). Therefore, the reduction in P does not create a significant change in ET, indicating that 
pre-fire ETa values remain consistent year-to-year, which supports the hypothesized connection 
of pre-fire vegetation to subsurface water. Vegetation that can access subsurface storage remains 
greener and maintains higher transpiration rates even during dry years.  Plant and conifer forest 
use of subsurface water is a well-established phenomenon (e.g., Evaristo & McDonnell, 2017; 
Hasselquist et al., 2010) and could account for a real EF greater than one during dry years. 
According to Sommer et al. (2016), vegetation in shallow groundwater habitat has increased ET 
rates during the growing season, and remote sensing of ET can provide a qualitative indication of 
locations where vegetation is supported by groundwater. Removal or death of forest canopy tress 
during the wildfire would remove the hypothesized connection between vegetation and subsurface 
storage, decreasing transpiration and removal of infiltrated subsurface moisture. 
The occurrence of fire in forested western U.S. headwaters basins often causes a transition 
in vegetative cover from forests to shrubland and grassland, and changes in ET can mirror this 
transition. NLCD and Landfire data show a distinct conversion of forest to grassland in the Mill 
Creek Basin (Table 2.1), and the reduction of annual mean maximum NDVI after the Chippy Creek 
Fire corresponds to lower plant water storage and transpiration values associated with shrubland 
and grassland vegetation. In addition, this conversion of forests to grasslands indicates less soil 
water uptake, which would disrupt the hypothesized connection between vegetation in the basin 
and subsurface storage indicated by the pre-fire residuals. Together, these drivers predict the 




2.5.2 Unique post-fire hydrologic partitioning 
The changes that occur after the Chippy Creek fire represent a shift in the hydrologic 
regime in the Mill Creek Basin. The post-fire regime also displays a consistent partitioning of 
water among the components of the hydrologic cycle (Figure 2.5). Significant changes occur to 
ET, Q, and residuals in the basin. Initial reductions to ET, regardless of magnitude between 56 mm 
and 250 mm, appear to contribute primarily to increased streamflow and possibly to increased 
storage within the basin. The new hydrologic regime shows persistence for the 10 years evaluated 
after the initial disturbance, despite some recovery of vegetation as indicated by NDVI.  
With the decrease in ET after the fire, larger portions of P are partitioned into other 
components of the hydrologic cycle. The RR more than doubles, and 136 mm of P, or 54% of the 
SSEBop-estimated reduction in ETa, becomes streamflow. When fires occur in smaller portions 
of a basin, these effects can be muted as the distribution of unburned areas within a basin represents 
larger contributions of streamflow-generating land above gages. Previous studies have shown 
increases in streamflow of 10-20% from partially-burned basins, much smaller than the 141% 
increase observed in Mill Creek, which burned much more extensively than the aggregated basins 
in previous studies (Wine & Cadol, 2016; Hallema et al., 2018; Saxe et al., 2018; Wine, Makhnin, 
et al., 2018). Similarly, Saxe et al. (2018) showed increased ability to identify post-fire streamflow 
trends when increasing the threshold for percent of basin burn area over 50%. The conversion of 
forests to grasslands after a wildfire in headwaters basins and related reduction in ET can be 
expected to increase streamflow and runoff significantly, more than doubling water yield in Mill 
Creek.  
The remainder of the decrease in ET partitions to the residual component of the water 
balance. This post-fire annual residual component increases by 212 mm above the pre-fire mean, 
or 115 mm above the WY2005-2006 mean of 20 mm, which represents pre-fire residuals in years 
with statistically similar P to post-fire years. If these residuals represent more than PRISM and 
SSEBop model error, then this indicates increased storage as more water enters the basin as P than 
leaves as ET and Q combined. While changes in storage are likely smaller than the residual 
calculated due to SSEBop estimation bias for ETa, several lines of evidence indicate that real 
changes in storage occur during the study period. Subsurface characterizations indicate the 
capacity for large storage volumes of almost 2.5 m and similarly large changes in storage within 
the basin. Pre-fire vegetation of genera Pinus, Pseudotduga, and Abies has maximum rooting 
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depths of 24 m, 10 m, and >4.0 m, respectively, which indicates the potential for plant utilization 
of significant portions of the plant available water in the basin; post-fire vegetation of genera 
Artemisia, Agropyron, and Festcua has maximum rooting depths of 2.3 m, 2.7 m, and 1.3 m, 
respectively, which suggests a sharp decline in the ability of vegetation to access and transpire 
subsurface storage (Canadell et al., 1996; Stone & Kalisz, 1991).  P-Q values indicate a likely 
deficit of over 300 mm at the beginning of the study period, and increases in baseflow correspond 
to increases in storage (Figure 2.8). Two Montana Bureau of Mines and Geology wells are located 
along Little Bitterroot River, for which Mill Creek is a tributary, approximately 25 and 45 
kilometers downstream from Mill Creek (Montana Bureau of Mines and Geology, 2019a, 2019b). 
In both wells, annual peak water levels decline from WY 2001 to WY 2004 by 2 m, indicating 
regional declines in storage coinciding with the identified negative residuals within the Mill Creek 
basin. After the fire, both wells show slight increases of 1.5 m in water level from WY 2007 to 
2011.  While remote sensing-based soil moisture and water storage products are options to assess 
changes in basin storage for some studies, their coarse resolutions prevent their application within 
the Mill Creek basin. Finally, while characterizations of local aquifers are limited, it is possible 
that the residual consists partially of water that infiltrates past the root zone, enters a subsurface 
aquifer, and leaves the basin as groundwater. 
2.5.3 Long-term water yield and storage 
Water yield that can be utilized as supply in human-water systems is a critical output from 
forested headwaters basins of the western U.S. Many factors can influence water yield delivery 
within streams, including interannual variations in P as well as ecohydrologic interactions between 
water and vegetation. In the Mill Creek Basin following the Chippy Creek fire, there are increases 
in both Q and RR. The conversion of forest to post-fire shrubland and grasslands is accompanied 
by a mean 136 mm increase in streamflow, more than doubling water yield. In each of the post-
fire years, Q increased by a minimum of 59 mm and a maximum of 296 mm, an increase in water 
yield of 75 to 305%. 
 While residuals can be attributed to errors related to SSEBop and PRISM, previous studies 
indicate that a real increase in soil moisture and infiltration after the occurrence of wildfires is 
possible (Boisramé et al., 2018; Cardenas & Kanarek, 2014; Ebel, 2013). In the Illilouette Creek 
Basin in Yellowstone, the history of vegetation change after fire most strongly controls soil 
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moisture, and large, localized increases in soil moisture are observed in high burn severity areas 
associated with the transition from conifer forest to dense meadow following fire (Boisramé et al., 
2018). Similarly, Cardenas and Kanarek (2014) observed increases in post-fire soil water storage 
in burned areas of a loblolly pine forest in Texas, and Ebel (2013) modeled enhanced groundwater 
recharge in burned plots in Colorado, validated by soil moisture measurements in field plots, by a 
factor of 3.5 to 12.7, depending upon whether slope aspect is north- or south-facing.  
In the Mill Creek basin, the disruption of the connection between vegetation and subsurface 
storage, supported by EF values greater than one in pre-fire years, would contribute to the observed 
post-fire reduction in SSEBop-estimated ETa. The reduction in plant uptake and transpiration of 
water stored in the subsurface could lead to real increases in basin storage, even without increases 
in infiltration. Additionally, increases in baseflow (Figure 2.8), changes in downstream water 
tables at wells MBMG-6283 and MBMG-77168, and a deep regolith zone indicate an increase in 
subsurface storage. Increased storage would produce elevated groundwater tables and lead to 
greater baseflow and observed increases in dry season discharge during winter months. These 
results are similar to those observed in Southern California in two ephemeral basins after the 2003 
Old Fire (Kinoshita & Hogue, 2015). Dry season water yield increased during post-fire periods by 
118% and 1090% in the City Creek and Devil Canyon basins, respectively. These increases in dry 
season low flows occurred for almost a decade after the fire and are attributed to a loss of basin 
transpiration and increase in soil moisture. Though the current analysis is limited by direct 
observations of post-fire storage within the basin, these observations indicate real increases in the 
subsurface storage component of residual values that contribute to increases in water yield for at 
least 10 years. 
2.6 Conclusions 
Previous studies have identified changes to streamflow partitioned within event flow, 
baseflow, and across large basins. However, this is the first study to quantify the wildfire-
associated changes to partitioning across the hydrologic regime in a forested watershed and 
account for shifts in the hydrologic cycle and their anticipated impacts on water supplies from 
forested headwaters catchments. In doing so, the study answers questions about 1) the impact of 
wildfire on ET and its relationship to changes in vegetation, 2) how changes in ET affect the 
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hydrologic partitioning of the basin, and 3) expected changes to long-term water yield from burned 
areas of catchments. 
  1) Wildfires significantly reduce SSEBop-estimated ETa within the forested Mill Creek 
basin associated with changes to the vegetative regime. Reductions of estimated ETa within the 
catchment exceed half of the pre-fire ETa values, and these reductions are greatest in areas of the 
basin that are most severely burned. Changes to ETa occur immediately after the fire, 
corresponding with a shift to grasses and shrubs as the dominant vegetation within the basin. ETa 
shows little recovery to pre-fire mean values during the first decade after fire. 2) The conversion 
of forest to grasslands after fire and the corresponding shifts in biogeophysical processes create a 
new ecohydrologic regime. In the Mill Creek basin, this corresponds to an estimated 46% decrease 
in ETa, a nearly 140% increase in Q, and, potentially, an increase in subsurface storage within the 
watershed. 3) Water managers can expect an increase in runoff ratio of 130% from high and 
moderate burn severity areas and, based on a 136 mm increase in Q in Mill Creek, significant 
increases in water yield downstream of burned areas within their headwaters catchments for at 
least five to ten years; although, the impacts of multiple fires before recovery of forests may 
dampen this signal. 
Water quality and treatment needs are important considerations for water supply after the 
occurrence of wildfires; if water managers also plan for quality considerations, the quantity of 
water available for downstream users from fires in forested areas does increase, based on results 
from this study. We advocate that water managers can expect a minimum of doubling of water 
yields from burned areas for at least ten years after a fire in similar forested catchments. Therefore, 
water managers can plan for the benefits of wildfires in their contributing basins by ensuring that 
they have the infrastructure with capacity to capture and store this extra water supply in addition 
to planning for water treatment considerations.  
Future research should focus on elucidating the signal of increased water yield from burned 
areas after wildfires based upon a variety of geomorphologic and ecohydrologic variables and 
identifying any long-term changes in soil moisture and infiltration. Variations in water yield 
increases and changes in subsurface processes may be affected by burn severity, burned area, soil 
type, geology, size of the basin, topography, and pre- and post-fire vegetation types. Examining a 
larger subset of fire-affected basins that vary across these factors using the framework provided 
will improve our understanding of post-fire hydrologic response. Additionally, longer post-fire 
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periods should be examined to determine the length of recovery for forests to reach pre-fire 
hydrologic conditions or whether post-fire hydrologic partitioning represents new long-term 
equilibrium in these basins, especially considering climate change and potential vegetation 
conversion under warmer temperatures. 
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3.1 Abstract 
Outdoor water use represents over 50% of total water demand in semi-arid and arid cities 
and presents both challenges to and opportunities for improved efficiency and water resilience. 
The current work adapts a remote sensing-based methodology to estimate growing season 
irrigation rates at the census block group scale in Denver, Colorado. Results show that citywide 
outdoor water use does not change significantly from 1995–2018, while per capita water use and 
total water use significantly decrease from 2000 to 2018. Because total water use, but not 
outdoor use, is decreasing, the percent of water used outdoors significantly increases across the 
city from 2000 to 2018. Climate variables account for one quarter of interannual variation in 
mean irrigation rates due primarily to changes in temperature, not precipitation. Percent 
impervious land cover exhibits a significant inverse non-linear relationship with irrigation rates 
at the census block group scale. Finally, 38% of Denver census block groups show significantly 
increasing irrigation rates between 1995 and 2018 driven primarily by increasing temperatures. 
The increasing proportion of water used for irrigation highlights the importance of outdoor 
demand management for urban water systems as indoor efficiencies improve. We advocate that 
resilient water systems necessitate integrated land use, infrastructure, and water planning in the 
face of urban growth and climate change. While minimizing irrigated urban areas may reduce 
demand, remaining green spaces should be designed to maximize multiple benefits including 
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reductions in water demand and urban heat islands, stormwater management, and recreation to 
improve the sustainability of growing cities. 
3.2 Introduction 
 Cities across the world are experiencing climate change and rapid population growth, the 
combination of which poses new challenges to urban water supplies. Anthropogenic climate 
change has already increased global surface temperatures by 1°C over pre-industrial averages and 
is expected to increase global surface temperatures by 0.2°C/decade (IPCC, 2018). As global 
populations continue to rise, an estimated 68% of the world’s population will live in urban regions 
by 2050, and the number of medium-sized, large, and megacities are projected to increase (United 
Nations, 2018). Flörke et al. (2018) project that these changes will increase global urban water 
demand by 80% and that more than 27% of cities worldwide will have demand that exceeds surface 
water availability in 2050. Complicating these challenges, urban water systems largely fail to 
account for non-stationary risks and are threatened by variable precipitation, mismatches between 
the timing of water supply and demand, and potential infrastructure failure, which are essential 
components of water management strategies (USGCRP, 2018). 
 In order to address these looming threats, a better understanding of the influences of climate 
and development on water demand is necessary to inform water resources planning and policies, 
better manage urban demand, and improve the resiliency of water systems. Significant progress 
has been made in recent years toward increasing indoor water use efficiencies and reducing per 
capita water use (DeOreo et al., 2016). However, outdoor water use still comprises large portions 
of urban water demand. In the United States, up to two percent of the land area is devoted to 
cultivating turfgrasses, which is more than three times the area devoted to growing any other single 
crop (Harrington, 2016; Milesi et al., 2005). These turfgrasses account for 64–84% of urban 
evapotranspiration (ET) in Los Angeles, California, and evapotranspiration from urban vegetation 
occurs at rates close to potential evapotranspiration (Litvak et al., 2017). In semi-arid urban areas 
of the western U.S., outdoor water use mainly consists of water used to irrigate turfgrasses and 
urban vegetation and comprises significant portions total urban water use, generally ranging from 
40–70% of total use (Hogue & Pincetl, 2015). Opalinski et al. (2019) estimate that summer water 
use can comprise up to 80% of total annual use in cities with cold dry and arid steppe climates 
such as Boise, ID, Spokane, WA, Salt Lake City, UT, and Denver, CO. Therefore, outdoor water 
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use provides both challenges to the sustainability of urban water systems and opportunities for 
water utilities to promote additional conservation and reduce system-level demand (Gober et al., 
2016). 
 Conventional evaluations of urban water demand have employed a variety of model 
structures, including various regression models, autoregressive integrated moving average 
(ARIMA) models, Bayesian maximum entropy (BME) methods, and artificial neural networks 
(ANNs), to evaluate drivers of billed water demand in cities (Adamowski et al., 2012; Adamowski, 
2008; Adamowski & Karapataki, 2010; Donkor et al., 2014; House-Peters et al., 2010; House-
Peters & Chang, 2011; Lee et al., 2010; Lee et al., 2015; Lee & Wentz, 2008; Tiwari & 
Adamowski, 2013). These methods have identified common factors that are related to urban 
demand including temperature, precipitation, evapotranspiration, water price, rate structure, 
income, age, household size and residence status, normalized difference vegetation index (NDVI), 
size of outdoor space, and conservation policies (Chang et al., 2017; Mini et al., 2014a, 2014b, 
2015; Polebitski & Palmer, 2010; Stoker & Rothfeder, 2014). While these approaches are 
influenced by and include drivers of outdoor use, they conflate drivers of indoor and outdoor use 
and are inadequate to evaluate the influences of urban irrigation or provide recommendations for 
outdoor conservation efforts and the integration of land use and water planning (Mini et al., 2014b; 
Polebitski & Palmer, 2010; Stoker & Rothfeder, 2014). 
 Traditionally, outdoor water use has been estimated using either evapotranspiration-based 
methods or billing methods (Costello et al., 2000; Gleick et al., 2003; Elizaveta Litvak & Pataki, 
2016; McMordie Stoughton, 2010; Mini et al., 2014a; Romero & Dukes, 2016). 
Evapotranspiration-based methods utilize location-specific climate data in combination with 
turfgrass or vegetation type, landscape characteristics, and system efficiency values to provide 
estimates of landscape irrigation needs (McMordie Stoughton, 2010). However, when applied to 
systems-level analysis, these methods require significant assumptions about the water 
requirements of plant species, plant density, and microclimate; the irrigated area within the region 
of interest; the composition of irrigated areas between turfgrass and landscaped area; and the 
efficiency of the irrigation systems. Many of these factors may not be well known, and these 
methods assume static landscape irrigation rates. Therefore, traditional ET-based methods that 
provide landscape demand estimates cannot be used to obtain observational estimates of urban 
irrigation or monitor changes in outdoor water use. Because indoor and outdoor use are not 
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typically metered or billed separately, billing methods traditionally extract outdoor use from total 
use by identifying a minimum use value, typically within a single winter month or the three lowest 
water use months of the year, and assuming that this value represents indoor use throughout the 
year (Gleick et al., 2003). The difference in monthly use and this minimum use value is then 
assumed to represent outdoor use for each month in the remainder of the year. While billing 
methods represent simple calculations, they do not provide consistent estimates of outdoor use, 
and previous studies have shown that these methods can significantly underestimate outdoor use 
in regions that irrigate during the winter, including Los Angeles, CA (e.g., Gleick et al., 2003; 
Johnson & Belitz, 2012; Mini et al., 2014a). 
 Estimates of outdoor water use remain largely uncertain due to inconsistent calculation 
methods, lack of metering, and limited data (Anda et al., 2013; Boyle et al., 2013; Gleick et al., 
2003). Dual metering, with dedicated irrigation meters, is becoming a more common practice and 
a promising component of outdoor water use evaluations and conservation management (Quesnel 
et al., 2019; Quesnel & Ajami, 2019). However, implementation of dual metering is limited in 
scope and often excludes single-family residential properties. Until dual metering is more 
common, water management must rely on alternate methods to evaluate and manage outdoor use. 
Remote sensing data provide a means of monitoring changes in landscape dynamics with frequent, 
spatially distributed observations (Atasoy, 2018; Fan et al., 2017; Kar et al., 2018; Quesnel et al., 
2019; Rango, 1994). Boegh et al. (2009) report a strong agreement between ET and NDVI in urban 
areas (R2=0.97), which indicates that NDVI can be used in urban systems to evaluate hydrologic 
fluxes. Because moisture availability and plant available water affect the health of vegetation, and 
therefore the spectral characteristics of that vegetation, NDVI can also be used to evaluate soil 
water content (Carlson et al., 1994; Mallick et al., 2009), which is increased through irrigation of 
urban vegetation. 
 Johnson and Belitz (2012) developed a remote sensing-based algorithm that exploits the 
influence of water availability on NDVI and utilizes the spatial variability of NDVI to estimate the 
location and rate of urban irrigation in the San Fernando Valley in Southern California. Results 
show excellent agreement between water delivery and the increased NDVI of irrigated vegetation 
over non-irrigated vegetation (R2=0.94) and that approximately one-third of the minimum month 
water use in the semi-arid Mediterranean climate occurs outdoors. Consequently, the authors 
advocate for investigation into applications of the method in regions with different climate, 
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vegetation, and water use patterns. Subsequent analysis in Los Angeles, California identified 
improved performance of the remote sensing-based model over minimum month and average 
minimum month water use billing estimates of residential outdoor water use (Mini et al., 2014a). 
Remote sensing-derived outdoor use estimates show that landscape irrigation rates vary by over 
1,000 mm/year at the census tract level across Los Angeles and have a strong positive correlation 
with income and household composition and negative correlation with percent of residents 
identifying as Hispanic or Latino (Mini et al., 2014a). Similarly, mandatory water restrictions are 
more effective than voluntary reductions at reducing outdoor water use in Los Angeles, and these 
effects are greater for higher income customers who use more water outdoors than for lower 
income residents (Mini et al., 2014a, 2015).  
 As indoor water use efficiency improves and potable water reuse increases in urban 
systems, outdoor use represents significant consumptive use in urban water systems. However, 
there is a paucity of literature that directly addresses the individual and combined impacts of 
climate change and development on outdoor water use, and studies that differentiate between 
drivers of total and outdoor water use are limited.  Therefore, to better understand the impacts of 
climate change and land cover on irrigation rates and urban water demand, we adapt the Johnson 
& Belitz (2012) methodology to examine outdoor irrigation and urban water demand in Denver, 
Colorado. We pose the following questions in this work: (1) Is the influence of climate on 
interannual variations in outdoor water use driven primarily by moisture availability 
(precipitation) or demand (temperature) in water-limited urban environments? (2) How do 
increases in impervious land cover affect irrigation rates at the census block group scale? and (3) 
What are the temporal trends in urban irrigation at the census block group scale, and how are 
climate change and land cover influencing the spatial variability in these trends?  
3.3 Data and Methods 
 3.3.1 Study Site 
 The adapted remote sensing-based model was applied to obtain annual growing season 
estimates of outdoor water use in the City and County of Denver, Colorado, which covers 401.4 
km2 and had an estimated population of 716,492 in 2018 (Figure 3.1) (US Census Bureau, n.d.). 
Denver has grown rapidly in the last decade, with a 1.6% annual population growth rate (Murray, 
2019). This growth has corresponded with increasing impervious land cover, which is now 47% 
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of the average census block group (Yang et al., 2018). Denver Water is Colorado’s oldest and 
largest public water utility, operating in Denver and its surrounding metropolitan area (868 km2); 
the utility provides water to 1.4 million people, approximately one quarter of Colorado’s 
population (Denver Water, 2019b).  For the current analysis, growing season outdoor water use 
was analyzed from 1995 to 2018 at the 2010 census block group scale. Census block groups are 
an average of 0.83 km2 in size and housed a five-year average of 1,318 people each from 2010 to 
2014 (American Community Survey, 2014). 
 Denver is classified as having a cold semi-arid (steppe) climate in the Köppen-Geiger 
classification system and is located at an official elevation of 1609.3 m (Kottek et al., 2006). The 
mean annual temperature is 10.3°C, mean annual precipitation is 363 mm, and mean annual 
potential evapotranspiration is 1,282 mm from 2000–2018 (Abatzoglou et al., 2018; National 
Weather Service, 2018). The average window for snowfall is October 18–April 28, and the typical 
growing season is May 1–October 31, which matches the typical irrigation period of the Denver 
Parks and Recreation Department (Denver Parks and Recreation, n.d.; National Weather Service, 
n.d.).  
 In Colorado, temperatures increased approximately 1.4°C between 1964 and 2014 (Lukas 
et al., 2014). No significant trends in precipitation or snow water equivalent were detected during 
this period; although, snowmelt and peak runoff have shifted between 1 and 4 weeks earlier in the 
year since 1984 (Lukas et al., 2014). Future projections show temperature increases of at least 1–
2°C with greater increases in summer temperatures, uncertain trends in precipitation, decreasing 
streamflow and surface water resources, continued shift of peak snowmelt and streamflow by 1–3 
weeks earlier in the year, and declining snowpack in Colorado through 2050 (Lukas et al., 2014). 
Reductions in surface water availability and changes in the timing of snowmelt and runoff pose 
challenges to managing water supplies, and Denver Water predicts that demand will increase by 
5.4% per 1°C increase in temperature (Denver Water, n.d.).  
Along Colorado’s Front Range, including the Denver, Colorado Springs, and Fort Collins 
metropolitan areas, demand is projected to increase between 20 to 40%, and water shortages are 
projected to increase. Irrigation demand is also expected to account for 90 to 100% of projected 
shortage volumes (Brown et al., 2019).  To address these projected shortages, Colorado’s State 
Water Plan sets a goal of 75% of Coloradans living in communities that have incorporated water- 




Figure 3.1. The extent of the Denver Water Service area (blue outline) and the 2010 census block 
groups (red, n=481) within the City and County of Denver, Colorado. Endmembers are used as 
model inputs in the adapted remote sensing framework.  
 
 
water use represents significant conservation potential. However, specific recommendations for 
land use planning are limited to identifying legal barriers to implementation, incorporating land 
use practices into water conservation plans, and improved funding for implementation. Therefore, 
a better understanding of the influence of urban growth and climate change on irrigation demand 
is critical for identifying opportunities for improved urban water management across the western 
U.S. and semi-arid cities of the world. 
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 3.3.2 Land Cover Data  
 Impervious land cover data at 30 m spatial resolution were obtained for the years 2001, 
2006, 2011, and 2016 from the National Land Cover Database (NLCD) (Fry et al., 2011; Homer 
et al., 2007; Homer et al., 2015; Yang et al., 2018). The percent impervious land cover was 
calculated for each census block group in each year as the mean of the percent impervious value 
of all pixels that fall within each block group. 
 3.3.3 Climate Data 
 Monthly climate data were obtained from the Colorado Climate Center for the Denver 
Stapleton station (#052220; 39.76333°N, 104.86945°W) (Colorado Climate Center, 2019). 
Monthly precipitation totals were summed from May through October for each year to calculate 
growing season precipitation from 1995–2018. Monthly mean daily maximum temperatures 
were averaged from May through October to provide a mean growing season daily maximum 
temperature for each year from 1995–2018. 
 3.3.4 Total and Per Capita Water Use 
 Total water use data at the census block group level and annual per capita water use for the 
Denver Water service area were obtained to provide context for estimated outdoor water use in 
Denver. Total billed water use data for each census block group were obtained from Denver Water 
through a Colorado Open Records Act request (Colorado Revised Statutes §24-72-201, et seq.) 
from 2000–2018 (J. Ferguson, personal communication, September 19, 2019). These data were 
produced by utilizing geocoded billing records and assigning billed water volumes to the census 
block group in which the billing record was located. Data were provided as monthly billed volume 
per census block group for each year from 2000, when Denver Water began electronic record 
keeping, to 2018. These data can provide context for outdoor water use; however, the volumes 
reported are imprecise due to billing records with missing geographic information. There is an 
average of 2,237 records annually that were unable to be matched to a census block group. These 
records represent an annual average of 0.99% of all records and 2.67% of billed volume. The 
number of unmatched records and unmatched billed volume both decrease through the study 
period as record keeping and reporting improved. Importantly, billed water use values do not 
include any non-potable use at Denver Parks and Recreation properties (J. Ferguson, personal 
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communication, September 5, 2019). In 2012, non-potable water for irrigation use from recycled 
and raw sources represented 14.52% of the 1.61 billion gallons of water used to irrigate Denver 
Parks and Recreation properties (Denver Parks and Recreation, 2013). 
 Average daily per capita consumption data for each year (2000–2018) were obtained from 
Denver Water’s Comprehensive Annual Reports (Denver Water, 2009, 2019a). These data 
represent mean daily total consumption, including both indoor and outdoor use, across the Denver 
Water service area.   
 3.3.5 Calculation of Irrigation Rates 
 To obtain annual irrigation rates at the census block group scale, we adapted the remote 
sensing-based methodology developed by Johnson and Belitz (2012). Utilizing Landsat-derived 
normalized difference vegetation index (NDVI) for irrigated, non-irrigated, and impervious areas, 
they established a relationship between greenness and irrigation rates at the neighborhood scale 
for Landsat scenes between October 1996 and October 1998 (16-day return period, 30 m spatial 
resolution). Irrigated vegetation is greener than unhealthy or unirrigated vegetation, which 
produces a higher NDVI value. The NDVI surplus, or difference in NDVI of irrigated vegetation 
and non-irrigated vegetation, is due to the direct irrigation of urban landscapes and, potentially, 
differences in vegetation species characteristics. Any area with an NDVI value greater than non-
irrigated vegetation is hypothesized to contain vegetation supported by irrigation in proportion to 
the surplus of the NDVI value above the NDVI value of non-irrigated vegetation.  
 Irrigation rates in Denver were estimated by (i) delineating endmember areas, (ii) 
calibrating urban reference evapotranspiration using a landscape coefficient, (iii) calculating 
NDVI surpluses, and (iv) calculating the irrigation rate from urban reference evapotranspiration, 
NDVI surpluses, and irrigated fractions for each census block group (Figure 3.2). Differences in 
vegetation characteristics and climate were accounted for with a landscape coefficient, which was 
used as the singular calibration factor when calculating urban reference evapotranspiration in the 
adapted methodology. Irrigation rates for fully irrigated areas were calculated by using the urban 
reference evapotranspiration and NDVI surplus value. These irrigation rates for fully irrigated 
areas were then scaled to each census block group by using the irrigated fraction of that specific 
block group. The altered calculations, including those equations necessary for calibration and final 
calculation of irrigation rates, are enumerated in five steps below. The full formulation of the 
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Figure 3.2. Flow chart of the methodology to calculate annual growing season irrigation rates, 
adapted from the methodology developed by Johnson and Belitz (2012). Equations [Eq.] 
correspond to equations in Chapter 3 by number (i.e., Eq. 1 refers to equation 3.1). Equations 
within the main article are numbered with a single digit, and equations presented in the 
supplemental information (Appendix B) are preceded by an ‘S’. 
 
  3.3.5.1    Endmember Delineation 
 In order to identify representative endmember areas for impervious, irrigated, and non-
irrigated surfaces within the Denver metropolitan area, Landsat/Copernicus base imagery was 
examined in Google Earth Pro using May 31, 2018 (Google Earth & USGS, 2018). After 
identifying representative areas of each of the three endmember classes, historical imagery of each 
area and public records were used to ensure each area did not change endmember class throughout 
the study period, from May 1995 through October 2018 (Google Earth & USGS, 1993). An 
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internal 15 m buffer was applied to endmember polygons to ensure that only those 30 m Landsat 
pixels that fall entirely within the endmember class were included for analysis. Finally, mean 
growing season NDVI for each month (n=144) was examined to evaluate endmember class 
differentiation. Because endmember classes represent idealized surfaces, any endmember polygon 
that displayed a non-behavioral NDVI value for the class type (represented by impervious 
NDVI>0.15, irrigated NDVI<0.6, or non-irrigated NDVI<0 or NDVI>0.6) in six or more months 
during the study period was removed. The final endmember configurations are summarized in 
Table 3.1 and shown in Figure B.1. 





Total Area (km2) Location Descriptions 
Irrigated 44 0.4415 Bible Park; Willis Case Golf Course; Bear 
Creek Golf Course; Fox Hollow Golf Course; 
South Suburban Golf Course 
Non-irrigated 33 7.366 Crown Hill Open Space Park; Cherry Creek 
State Park; Denver International Airport Inter-
Runway Grass 
Impervious 16 2.373 Denver International Airport Buildings, 
Parking Lots, and Runways; Pepsi Center 
Arena and Parking Lots 
 
  3.3.5.2    Landscape Coefficient and Urban Reference Evapotranspiration 
In order to apply and calibrate the adapted methodology, the urban landscape potential 
evapotranspiration for the urban study area was calculated. The urban reference 
evapotranspiration (ETL) was calculated similar to a crop reference evapotranspiration as the 
product of potential evapotranspiration (ET0) and a landscape coefficient (KL) that is similar to a 
crop coefficient (Equation 3.1).  𝐸𝑇𝐿(𝑡) = 𝐸𝑇0(𝑡) ∗ 𝐾𝐿      (3.1) 
ET0 was obtained as grass reference ET for each month, t, from the University of Idaho’s 
GRIDMET dataset (Abatzoglou, 2013). KL is used as a singular, time-invariant calibration factor 
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within the model that represents the irrigation needs of urban landscapes and was designed to 
approximate water loss from landscape plantings by accounting for landscape species, plant 
density, and microclimate (Costello et al., 2000). The calibration process is described in the Data 
Analysis discussion (Section 3.3.6), and final calibration performance is discussed in the 
Sensitivity and Calibration results (Section 3.4.1.). 
  3.3.5.3    Calculation of NDVI Surplus 
 Once NDVI was calculated and normalized between Landsat 5, 7, and 8 (Equations S1-
S4, Appendix B), NDVI surpluses for fully irrigated vegetated surfaces were calculated as shown 
in Equation 3.2. The NDVI surplus of a fully-irrigated area, NDVI_S(t), for each month, t, 
represents the difference in irrigated NDVI, NDVIirr(t), and non-irrigated NDVI, NDVInon(t), 
due to outdoor water use.  𝑁𝐷𝑉𝐼_𝑆(𝑡) = 𝑁𝐷𝑉𝐼𝑖𝑟𝑟(𝑡) − 𝑁𝐷𝑉𝐼𝑛𝑜𝑛(𝑡)   (3.2) 
NDVI surplus for each block group can be calculated similarly, by subtracting non-
irrigated NDVI, NDVInon(t), from the NDVI value of each block group in month t (Equation S6). 
For highly impervious block groups or block groups containing primarily water bodies, 
NDVInon(t) may exceed block group NDVI because the NDVI of non-irrigated vegetation is 
higher than that of impervious surfaces and water, resulting in negative NDVI surplus values. In 
such cases, NDVI surplus of the block group is set to zero (n=23).  
  3.3.5.4    Calculating Irrigation Rates 
After calculating urban reference evapotranspiration and NDVI surplus for a fully irrigated 
area, the monthly irrigation rate for a fully irrigated landscape was calculated using Equations 3.3–
3.5. Monthly irrigation rate for a fully-vegetated surface, Irr(t), which represents the irrigation rate 
for irrigated endmembers and the theoretical maximum irrigation rate within an individual month, 
is calculated as: 
                                         𝐼𝑟𝑟(𝑡) = 𝑎(𝑦)𝑒𝑏(𝑦)∗𝑁𝐷𝑉𝐼_𝑆(𝑡)     (3.3) 
where NDVI_S(t) is the NDVI surplus of a fully-irrigated surface in month t (Equation 3.2), and 
a(y) and b(y) are calculated in Equations 3.4 and 3.5, respectively. The constants a(y) and b(y) 
were calculated annually for year y as: 
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                                        𝑎(𝑦) = 𝐸𝑇𝐿,𝑚𝑎𝑥(𝑦)𝑒𝑏(𝑦)∗𝑁𝐷𝑉𝐼_𝑆𝑚𝑎𝑥(𝑦)     (3.4)  
where ETL,max(y) is the maximum annual landscape ET value in the year, y, in which month t falls 
and NDVI_Smax(y) is the maximum NDVI surplus value for all census block groups in year y, and 
                                        𝑏(𝑦) = 𝑙𝑛 (𝐸𝑇𝐿,𝑚𝑎𝑥(𝑦)) −𝑙𝑛 (𝐸𝑇𝐿,𝑚𝑖𝑛(𝑦))𝑁𝐷𝑉𝐼_𝑆𝑚𝑎𝑥(𝑦)−𝑁𝐷𝑉𝐼_𝑆𝑚𝑖𝑛(𝑦)      (3.5) 
where ETL,min(y) is the minimum annual landscape ET value in the year, y, and NDVI_Smin(y) is 
the minimum NDVI surplus value for all census block groups in year y. 
          The maximum irrigation rate, Irr(t) from Equation 3.3, and the irrigated fraction, Firrn(t), 
for each block group were used to calculate the monthly irrigation rate for each census block 
group:  
                                        𝐼𝑟𝑟𝐹𝑛(𝑡) = 𝐼𝑟𝑟(𝑡) ∗ 𝐹𝑖𝑟𝑟𝑛(𝑡)     (3.6) 
Firrn(t) is the irrigated fraction of block group n in month t, calculated from the block group, 
irrigated, and impervious NDVI values (Equation S5). While outdoor water use may extend year-
round in warmer climates, irrigation is limited to the growing season in Denver. Therefore, the 
monthly rates from Equation 3.6 for May through October were summed for each block group in 
each year to provide an annual growing season irrigation rate (Equation S7). 
 3.3.6 Data Analysis 
  3.3.6.1   Spatial and Temporal Aggregation 
 The climate, golf course irrigation, and modeled irrigation data were aggregated to annual 
growing season values at various spatial scales for analysis, while the land cover and total billed 
water use data were aggregated to total annual values (Table 3.2). The coarse resolutions of gridded 
climate data relative to the size of census block groups prevent direct observation of spatial 
differences in precipitation, and inadequate coverage of meteorological stations prevents spatial 
interpolation of climate data. Therefore, one annual value for climate variables was utilized for all 
census block groups from 1995–2018. Land cover data were aggregated to the census block group 
level by averaging the percent impervious values of all 30 m pixels within each block group for 
each of the four years in which NLCD data are available. Total water use data were aggregated 
from monthly values to produce a total annual water use value for each census block group from 
2000–2018. Mean daily per capita water use data were analyzed across the Denver Water service 
area at an annual timescale from 2000–2018. 
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  3.3.6.2   Model Calibration 
 Calibration of the remote sensing-based outdoor water use model was achieved by varying 
the landscape coefficient, KL (Equation 3.1), and comparing the calculated maximum irrigation 
rates, Irr(t) (Equation 3.3), to known mean irrigation rates for seven regional golf courses from 
2013–2017 (P. Smith, personal communication, August 9, 2019). The optimal landscape 
coefficient value was determined as the value that minimized the root mean square error (RMSE) 
between the modeled maximum irrigation rates for a fully irrigated surface and the mean golf 
course irrigation rates, assuming that these golf courses represent idealized fully-irrigated surfaces. 
After calibration, annual irrigation rate estimates were calculated for each census block group from 
1995–2018. 
  3.3.6.3   Regression-based Analyses 
 In order to evaluate the relationships between irrigation rates and climate change and urban 
development, regression models were utilized. The relationships between city-wide mean 
irrigation rates and precipitation and temperature were assessed using linear regression, and the 
relationship between block group irrigation rates and impervious land cover were assessed using 
second order polynomial regression, which showed improved predictive capability over a linear 
model. Linear regression models were also created to assess the trends in irrigation rates over time 
within each of the census block groups. After obtaining these trends in irrigation rates through 
time, the rates of change—or slopes of the linear regression models—were mapped spatially to 
identify unique patterns in the direction and rate of irrigation change across Denver, and significant 
temporal trends were identified for individual block groups. The goal of these analyses was to 
characterize block groups where significant trends in outdoor use were likely occurring, rather 
than strictly identify where trends occurred. Therefore, the significance threshold p<0.1 was 
selected to reduce type II error. 
 The RESTREND method can be used to evaluate temporal trends in one variable without 
the confounding influence of another, collinear variable; it removes the influence of the collinear 
variable by creating a linear regression between the two variables and assessing trends in the 
residuals of the established relationship (Li et al., 2012). RESTREND has been used to distinguish 
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Table 3.2. Summary of data used in analyses, including spatial and temporal resolutions at which 
data are aggregated for analyses and the type of analyses for which the data are utilized and 
associated figures which incorporate each data type. 




Resolution Analyses and Figures 
NDVI Landsat 
missions 5, 
7, and 8 
16-day aggregated 
to monthly mean 
for each growing 
season  
30 m aggregated 
to block group 
and endmember 
polygons 
Evaluation of endmember 
sensitivity (Figure 3.3); 













Area of each of 
the 7 golf 
courses 
Calibration of landscape 
coefficient and fully irrigated 







to annual totals 
Census block 
group 
Temporal trending of water 








Annual Denver Water 
service area 
Temporal trending of water 


















to growing season 
total 
Single station 
value used for 
city-wide 
analysis 
Temporal evaluation of 









to growing season 
average 
Single station 
value used for 
city-wide 
analysis 
Temporal evaluation of 
climate and irrigation rates 
(Figure 3.6); Spatial 
evaluation of temporal trends 
in irrigation rates (Figure 3.8) 
Land cover NLCD Annual (2001, 
2006, 2011, 2016) 
30 m averaged 
within block 
group polygons 
Spatial evaluation of 
irrigation rates and percent 




between climate-induced changes in vegetation characteristics and human disturbances on 
grasslands and urban vegetation (Li et al., 2012; Neal, 2017). To evaluate temporal trends in 
irrigation without the influence of climate in each census block group, (1) the annual residual of 
the linear model between irrigation and temperature was calculated, (2) the temporal trend of the 
residual values was assessed, and (3) the rate of change in the residual value was calculated. 
Temperature was included because it was identified as the climate variable having a significant 
relationship to irrigation rates (see Section 3.4.3 and Figure 3.6). The temporal trends in residual 
value were mapped spatially, similarly to temporal trends in irrigation rates, and significant trends 
(p<0.1) were again identified for individual block groups. Significant positive trends in residual 
values represent increasing irrigation rates for a census block group that are due to factors other 
than temperature increases, likely anthropogenic factors related to development. Decreasing trends 
represent non-temperature related reductions in irrigation rates, and insignificant trends indicate 
either that no trends in irrigation exist or that trends in irrigation rates can be explained by the 
influence of temperature alone. 
3.4 Results 
 3.4.1 Sensitivity and Calibration 
 The final configuration of the endmember classes (Table 3.1) produces good differentiation 
between NDVI in each class throughout the growing season (Figure 3.3). Impervious endmembers 
show the most consistent inter- and intra-annual values of any endmember class, with NDVI values 
between -0.1 and 0.1. Irrigated endmember classes, with typical NDVI values between 0.6 and 
0.9, show less variability than non-irrigated endmember classes, with typical NDVI values ranging 
from 0.1 to 0.6. Impervious areas, which vary little in their spectral reflectance, should remain 
more constant, while vegetated areas vary in greenness according to vegetation type and, 
importantly, changes in climate. As the climate grows warmer and drier over the course of the 
summer growing season, non-irrigated vegetation frequently decreases in greenness, e.g. 2002, 
2004, 2006, 2010, 2015, and 2016, while vegetation that supported by irrigation, i.e., the irrigated 
endmember, maintains relatively constant NDVI values. 
The optimal KL value (Equation 3.1) to scale reference ET for Denver is determined to be 
0.46, with an RMSE value of 31.14 mm/growing season, or approximately 5 mm/month, and a 
Percent Bias (PBIAS) of -0.05% (Figure 3.4). Except for 2014, year-to-year changes in modeled 
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irrigation rates closely match changes in observed irrigation rates. Overall, scaling using KL=0.46 
provides good performance, with RMSE representing an average of 7.5% of mean observed 
irrigation at the seven golf courses. 
 
 
Figure 3.3. Plot of endmember NDVI sensitivity throughout the study period, 1995–2018. 
Individual points represent the mean NDVI value of an endmember polygon for each month in the 
study period (growing season only; n=144). Lines show area-weighted mean NDVI for each 




Figure 3.4. Calibration results for modeling irrigation from 2013–2017 using a landscape 
coefficient of 0.46. (a) One-to-one comparison of modeled and observed mean irrigation at seven 
golf courses. (b) Annual irrigation values for the seven individual golf courses, mean golf course 




 3.4.2 Outdoor Water Use Model Outputs 
 Modeled outdoor water use estimates generally range between 20 and 500 mm for 
individual block groups during the growing season, with an annual mean block group irrigation 
value that ranges from 115 mm to 353 mm and averages 216.35 mm (Figure 3.5b). These values 
represent an irrigation depth applied over the entire area of the block group, rather than an 
irrigation rate over just the irrigated areas of the block group. As a result, these irrigation rates are 
less than the approximately 1,300 mm annual potential evapotranspiration value for Denver; they 
are also less than the approximately 360 mm of annual precipitation within Denver. Despite 
increasing slightly from 1995 to 2018, the mean irrigation rate at the census block group level 
shows no significant trend during this period (p=0.15). 
 Total annual use at the block group scale typically ranges between approximately 50 mm 
to 2000 mm, with an average annual mean value of 563 mm per block group (Figure 3.5c). Total 
per capita water use averages 165 gal/person/day during the study period, beginning at its 
maximum of 220 gal/person/day in 2000 and reaching its minimum of 136 gal/person/day in 2015 
(Figure 3.5a).  Both per capita and median total water use show significant decreasing trends from 
2000 to 2018 (Figure 3.5a and 3.5c). The median annual census block group use across Denver 
decreases significantly (p<0.001) at an average rate of 7.3 mm/year. During the same period, daily 
per capita water use decreases at a rate of 3.5 gal/person/year (p<0.001). 
 Model outputs for estimated irrigation rates at the census block group level show 
reasonable magnitude when compared with total water use at the census block group scale. 
Irrigation rates are lower than total water use at the census block group level (Figure 3.5d), and 
mean outdoor use represents 38% of total water use across each census block. Because median 
total water use is decreasing while outdoor use is not changing significantly, the proportion of total 
urban demand used for irrigation at the census block group scale increases by 1.54% per year from 
2000 to 2018 (p=0.009, Figure 3.5d). 
 3.4.3 Influence of Climate on Outdoor Water Use 
 Two variables, growing season precipitation and growing season mean daily maximum 
temperature, were used to assess the relationship between mean irrigation rates at the census block 
group level in Denver and interannual variations in climate (Figure 3.6). While growing season 





Figure 3.5. Water use in the City and County of Denver from 1995-2018. (a) Mean daily per capita 
water use (U.S. gallons) from 2000 to 2018 is shown in the blue circles. (b) Boxplots of annual 
outdoor water use at the census block group scale for Denver from 1995 to 2018. (c) Boxplots of 
annual total water use at the census block group scale for Denver from 2000 to 2018. (d) Median 
percent outdoor use of total water use at the census block group scale increases from 2000 to 2018. 
Significant trends (p<0.01) are shown with solid red lines, and insignificant trends are shown with 
dashed gray lines. 
 
 (p=0.01), they show no significant relationship with growing season precipitation (p=0.75). 
Temperature is responsible for approximately one quarter of the interannual variability of mean 
irrigation rates (R2=0.25), while the relationship between precipitation and irrigation explains 
almost none of the variance between years (R2=0.0046). Therefore, the influence of climate is 
primarily due to interannual variations in daily maximum temperature and not due to growing 
season precipitation. Importantly, while no significant temporal trends in precipitation are 
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identified from 1995 to 2018, mean daily maximum temperature significantly increases during this 
period at a rate of 0.8°C/decade (p=0.025), indicating a climatic warming trend. 
 
 
Figure 3.6. The influence of climate variables, (a) precipitation and (b) temperature, on mean 
outdoor water use estimates at the census block group level from 1995 to 2018. Individual years 
are labeled, and the diameter of each point is proportional to the variance of the estimated irrigation 
rates across the 481 census block groups in Denver. 
 
3.4.4 Influence of Land Cover on Outdoor Water Use 
 At the census block group scale in Denver, greater imperviousness is associated with lower 
outdoor water use, and irrigation rates show a strong inverse relationship with imperviousness 
(Figure 3.7). Combining NLCD data from the four years available—2001, 2006, 2011, and 2016—
with modeled irrigation rates in a linear model, outdoor water use decreases by 4.4 mm/percent 
impervious at the block group level (not shown; p<0.001; R2=0.38). However, a second-order 
polynomial function better models the relationship between imperviousness and irrigation rates, 
which appears to be nonlinear, and reduces both RMSE and PBIAS when compared to a linear 
model (Figure 3.7a; R2=0.41). In the four individual years with NLCD data, all second-order 
polynomial relationships between percent impervious and irrigation rates are strong and significant 
(p<0.001; 0.70<R2<0.73) and improve model fit over linear models. The higher R2 values of the 
second-order polynomial regressions in individual years (0.70<R2<0.73) when compared to the 
four-year aggregate regression (R2=0.41) indicates that the relationship between irrigation and 
imperviousness is strong within a single year, but weakens when aggregating across interannual 
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variations in climate. Additionally, the average imperviousness of a census block group in Denver 
is increasing. From 2001 to 2016, imperviousness increased in 408 census block groups (85%), 
remained constant in 73 census block groups (15%), and decreased in no census block groups. The 
average change in total imperviousness from 2001 to 2016 is 1.26%. 
Irrigation rates for census block groups of all impervious values are higher in 2016 than in 
any of the other three years (Figure 3.7a). The year 2016 represents the second hottest growing 
season during the study period for Denver and has the highest mean irrigation rate and percent 
outdoor use of any year during the period (Figures 3.5b, 3.5d, and 3.6). This year also corresponds 
to a sharp decline in non-irrigated NDVI through the growing season (from approximately 0.45 to 
0.15) while irrigated NDVI remains consistently high (between 0.7 and 0.8; Figure 3.3). In all 
years, the variance of irrigation rates decreases as the imperviousness of census block groups 
increases (Figure 3.7b). In census block groups with less than approximately 40% impervious 
surface, irrigation residuals vary between -350 mm and 300 mm. In census block groups above 




Figure 3.7. Relationship between irrigation rates and impervious surfaces at the census block group 
scale in Denver. (a) Irrigation rates are plotted against NLCD percent imperviousness for 2001, 
2006, 2011, and 2016, and the second order polynomial regression model for all years combined 
is shown.  (b) The residuals of the regression from the model in panel (a) are plotted against percent 
impervious for all four years. Individual dots in both panels represent single block groups in one 




 3.4.5 Spatiotemporal Trends in Outdoor Water Use 
 Though increases in mean census block group irrigation rates over the study period are not 
significant (Figure 3.5b), trends in irrigation in many individual census block groups are significant 
(Figure 3.8a). Irrigation rates across Denver are increasing over time in 478 census block groups 
(99% of 481 total census block groups) with statistically significant trends in 181 (38%) of census 
block groups (p<0.1). Irrigation rates are decreasing over time in three census block groups, though 
none of these trends is significant. In most census block groups, irrigation rates are increasing at a 
rate of 0.01 to 4.00 mm/year, with larger increases in rates in the eastern half and far northwest 
and southwest corners of the city. While outdoor use has increased significantly across over a third 
of the city from 1995–2018, significant decreases in citywide total water use and per capita use 
have been achieved from 2000–2018. 
 To identify the influence of mean daily maximum temperature (Figure 3.6) on changing 
irrigation rates, the RESTREND method was applied in each census block group. Accounting for 
mean daily maximum temperature, irrigation rates might be decreasing across parts of western 
Denver; however, none of these trends are significant (p<0.1) (Figure 3.8b). Only 13 census block 
groups (3%) showed significant increases in irrigation rates due to other factors. These block 
groups are in northeast (n=3), east (n=6), southwest (n=1), and downtown Denver (n=3) (Figure 
3.8b). Temperature, therefore, accounts for most of the increasing irrigation in Denver (168, or 
93%, of 181 significant trends).  
3.5 Discussion 
 3.5.1 Using the Landscape Coefficient as a Scaling Factor 
 Moriasi et al. (2015) suggest that hydrologic model performance can be deemed 
satisfactory at the watershed scale when annual R2 > 0.6 and PBIAS < 30%. Calibration results are 
deemed to provide good performance of estimated irrigation rates compared to known Denver 
Parks and Recreation Golf Course irrigation data despite R2 < 0.6 because of the small sample size 
for calibration (n=5 annual values) and low PBIAS (R2=0.48, PBIAS =-0.05%) (Figure 3.4). The 
calibrated landscape coefficient of 0.46 in Denver is lower than the 0.65 value used in studies 
conducted in Southern California (Johnson & Belitz, 2012; Mini et al., 2014a). There are several 
important differences that likely account for the lower coefficient value in Denver and that 




Figure 3.8. Trends in outdoor water use in Denver. (a) Rates of change in annual irrigation (in mm 
of change per year) for each census block group are shown by color with statistically significant 
trends (p<0.1) identified with cross hatching. (b) Changes in annual outdoor water use residual of 
the regression between outdoor water use and mean daily high temperature (in mm of change in 
residual per year) identify trends in irrigation without the influence of interannual variations in 
temperature. Statistically significant trends (p<0.1) are identified with cross-hatching, categorized 
as downtown (n=3), northeast (n=3), east (n=6), and southwest (n=1). 
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2000). Monthly ET0 from GRIDMET over the city of Los Angeles represents an average of 139% 
of ET0 obtained from the CIMIS Glendale, CA station used by Johnson & Belitz (2012). Using a 
source that provides a higher estimate of reference ET requires the use of a lower coefficient to 
obtain similar results. Using the relationship between reference ET sources, the mean scaling 
coefficient used with GRIDMET ET0 to obtain similar landscape ET values to those in Johnson 
and Belitz (2012) would be 0.47. In addition, the lower landscape coefficient corresponds to a 
lower ratio of potential to actual ET in Denver than in Los Angeles. Using monthly SSEBop actual 
evapotranspiration and daily GRIDMET reference ET, the mean actual to potential ET ratios for 
Denver and Los Angeles were calculated to be 0.50 and 0.76, respectively, from 2000 to 2018 
(Abatzoglou, 2013; Senay et al., 2013). Finally, there are inherent differences in plant phenology 
and greenness between irrigated and non-irrigated vegetation, and between Denver and Los 
Angeles vegetation. Irrigated vegetation, which tends to be non-native in Denver, remains greener 
than non-irrigated native vegetation throughout the year, which inflates the NDVI surplus values 
used to calculate irrigation rates and necessitates a lower landscape coefficient value to account 
for this phenology-increased surplus value. Vegetation in Denver consists of Western cool 
temperature urban evergreen and deciduous forest, herbaceous grasslands, and deciduous 
shrublands, and vegetation in Los Angeles consists of Western warm temperature urban mixed 
and deciduous forests, oak woodland and savanna, and coastal scrub and chaparral (Landfire, 
2014). Cultivated urban vegetation in Denver consists largely of cottonwood and willow trees, 
mixed woodlands, and bluegrasses (Denver Parks and Recreation, 2019), while cultivated 
vegetation in Los Angeles consists more of ornamental flowering and woody exotics (Avolio et 
al., 2019).  
 Overall, the landscape coefficient provides a simple scaling method that behaves in 
accordance to differences in landscape species, plant density, and microclimate between locations 
and provides satisfactory results for estimating landscape irrigation (Costello et al., 2000; Johnson 
& Belitz, 2012). The outdoor water use estimates obtained through the adapted methodology, 
which average 216 mm per growing season, match well with outdoor use rates for single-family 
residential irrigation in Southern California. Johnson & Belitz (2012) report mean summer 
irrigation rates of approximately 270 mm for a six-month growing period (45 mm/month) in the 
San Fernando Valley, CA and Mini et al. (2014a) report a mean annual irrigation rate of 439 
mm/year in Los Angeles, CA. 
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 3.5.2 The Influence of Climate and Land Cover on Irrigation Rates 
 While climate exerts strong influence on irrigation rates, it only accounts for 25% of the 
interannual variance in irrigation rates, and almost all that influence is due to variations in mean 
daily maximum temperature, rather than precipitation, during the growing season (Figure 3.6). 
This indicates that the rate of urban irrigation in this region is driven by atmospheric moisture 
demand. While urban vegetation and greenness have been shown to respond to moisture 
availability (Li et al., 2012; Neal, 2017), these results show that temperature exerts a stronger 
influence on the urban vegetation and resulting irrigation application than does precipitation. Many 
golf courses and public green spaces, including in Denver, use intelligent irrigation systems or use 
meteorological data to inform outdoor water use (P. Smith, personal communication, August 9, 
2019), but residential irrigators are likely less sophisticated in their decision making, especially 
when using pre-programmed irrigation systems. As temperatures rise, urban vegetation may begin 
to brown, prompting increased irrigation with hopes of maintaining a lush, green aesthetic, 
especially for lawns and turfgrasses. The influence of temperature on irrigation rates has important 
implications for future outdoor water use, both as the climate warms and as urban centers redevelop 
and increase density, potentially intensifying urban heat islands (Gober et al., 2010). These 
changes make outdoor water use conversation a climate adaptation challenge (Gober et al., 2016). 
Aggarwal et al. (2012) identify a 1.4% increase in water consumption for every 1°F increase in 
nighttime temperature in Phoenix, Arizona, highlighting the importance of feedbacks between the 
built environment and urban vegetation. However, recent studies have shown that during drought, 
urban irrigation and greenness can become decoupled, and increases in irrigation do not result in 
maintained vegetation greenness through the duration of a drought for any vegetation type (Miller 
et al., 2020; Quesnel et al., 2019). Because vegetation responds most strongly to climate signals, 
increased outdoor water use in a hotter climate is unlikely to maintain verdant, lush vegetation, 
prompting continued over-application of urban irrigation or adaptation of urban vegetation 
regimes. 
  Irrigation rates also exhibit a non-linear, inverse relationship to imperviousness (Figure 
3.7). Generally, this means that increased development, measured by increases in impervious land 
cover, is correlated with reductions in outdoor water use. These results are similar to findings by 
Sanchez et al. (2018), which show that more dense, clumped development leads to lower total 
residential water use in North and South Carolina. This effect may be due to the reduction in 
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irrigated area within a census block group due to the increase in impervious area, especially for 
census block groups with impervious area greater than 40%. However, the large variance below 
this threshold indicates that development and resulting land cover may not capture the entire range 
of possibilities for irrigation behavior. As impervious area increases in a census block group, the 
magnitude of residuals decreases, and irrigation rates converge above 40% impervious land cover. 
This behavior indicates that below the 40% impervious threshold, other factors exert important 
control on irrigation rates. Land use, or the type of development (e.g., residential, commercial, 
etc.), may initially play a more important role in influencing irrigation rates than impervious area 
alone. While public green spaces or low-density residential developments may use high rates of 
irrigation water in comparison their impervious areas, commercial and industrial developments in 
low density urban areas or census block groups that contain large areas of surface water may use 
little to no water for irrigation. Generally, however, increases in urban density, or impervious area, 
lead to consistent decreases in outdoor water use in Denver. 
 Similar to other work, our results indicate that cities should carefully review policies and 
advocate for denser urban development and native or xeric vegetation to reduce water demand 
(Chang et al., 2010; Pataki et al., 2011; Pincetl et al., 2014; Pincetl & Gearin, 2005; Polebitski et 
al., 2011; Sun et al., 2019; Vickers, 2006). Improved development policies can provide a multitude 
of benefits for urban centers, especially in semi-arid and arid regions, in order to improve water 
use efficiency and resiliency of water systems in these regions. As temperatures increase, water 
supplies will become less reliable (Roy et al., 2012), and these results show that traditional 
developments may increase the demand for outdoor water use. Increased density provides an 
opportunity to reduce outdoor water demand and combat climate-related increases in irrigation 
demand. However, denser development and increased impervious surfaces also require careful 
stormwater management planning for increased stormwater runoff (Panos et al., 2018), and 
increases in density may intensify urban heat islands (Li et al., 2011), which may influence 
irrigation demand in remaining green spaces (Breyer et al., 2012). 
 3.5.3 Spatial and Temporal Trends in Irrigation Rates 
 Mean irrigation rates at the census block group level in Denver are increasing, though not 
significantly, while mean total use at the census block group level and per capita use in the Denver 
Water service area are significantly decreasing (Figure 3.5). At the individual census block group 
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level, however, irrigation rates are increasing across 99% of Denver, with 38% of the census block 
groups experiencing statistically significant increases in outdoor water use (Figure 3.8a). Daily 
maximum temperature, while only accounting for 25% of the interannual variability in mean 
irrigation rates, accounts for 93% of observed significant trends (Figure 3.8b).  
 The 13 significant trends that remain after removing the influence of temperature are 
grouped by geographic location within Denver (labeled in Figure 3.8b). These groups are in east 
(n=6), northeast (n=3), southwest (n=1) and downtown (n=3) Denver, and changes in irrigation in 
these locations are likely related to development patterns. Trends in downtown Denver may be 
related to three large parks, including Gates Crescent, Commons, and Confluence Parks, located 
in the census block groups where irrigation rates are increasing. During the study period, 
Commons Park was completed in 2001 (Civitas Inc., n.d.), and Confluence Park was redeveloped 
from 2015–2017 (Wanzer, 2017; Wiseman, 2017), potentially adding new irrigated areas to a 
densely developed area. In northeast Denver, increasing irrigation rates may be related to new 
developments of single-family residences and the associated installation of new lawns. The three 
census block groups with significant trends in irrigation in this area all remained below 50% 
imperviousness but increased by an average of 14.27% from 2001 to 2016. Inspection of Google 
Earth imagery of the census block groups confirms the new development of residential properties 
and the installation of a golf course between 2002 and 2004 (Google Earth & USDA Farm Service 
Agency, 2005; Google Earth & USGS, 2001). Census block groups with significant increases in 
irrigation rates in east Denver and southwest Denver increased in imperviousness from 2001 to 
2016 by 2.51% and 0.24%, respectively. Though increases in imperviousness typically lead to 
decreased water use (Figure 3.7), these results provide evidence for the non-linear relationship 
between irrigation and imperviousness, likely associated with the type of development that 
increases the imperviousness of a block group. Satellite imagery shows intensified single family 
residential development in east Denver census block groups throughout the study period, including 
the redevelopment of the former Stapleton airport (Denver Urban Renewal Authority, n.d.; Google 
Earth & USDA Farm Service Agency, 2005; Google Earth & USGS, 1999, 2001, 2018). While 
this single-family development increases impervious area within a census block group, it is also 
typically accompanied by the installation of lawns and public green spaces on previously non-
irrigated areas, simultaneously increasing imperviousness and outdoor water use. Similarly, 
imagery shows the installation of new single-family residential developments, an elementary 
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school, and Sunset Park prior to 2001 in the southwest Denver census block group as well as 
portions of the Raccoon Creek Golf Course included in the census block group (Google Earth & 
USGS, 1999, 2001).  
 The spatiotemporal trends of irrigation in Denver reiterate the importance of conservation 
through reducing outdoor use by increasing development density and replacing high water use, 
non-native vegetation with local vegetation and xeriscaping. In the face of rising temperatures, 
irrigation rates are increasing across over one third of Denver block groups and will likely continue 
to do so as temperatures are projected to rise further. Notably, the reduction in indoor and total use 
yields increasing proportions of urban water use occurring outdoors. As a result, outdoor use is 
becoming an increasingly large portion of urban water demand in Denver and necessary target of 
water conservation efforts. In areas where increasing temperature is not responsible for increasing 
irrigation rates, continued development of traditional single-family residential suburbs in 
previously less developed land is driving the most significant increases in outdoor use. If, however, 
development policies are adjusted to encourage more dense development and promote low water 
use landscapes, especially in residential developments, significant savings in outdoor use can be 
achieved. Using this strategy, water utilities can continue to reduce per capita use and improve the 
resiliency of increasingly stressed semi-arid urban water systems. Importantly, these efforts to 
manage urban water demand and promote conservation must: (1) be conducted with spatially 
heterogeneous analyses and targeted sub-municipal conservation efforts in high-use areas and (2) 
integrate socio-hydrological analyses with biophysical processes to account for changes to return 
flows, water-energy cycling, regulatory and policy restrictions, and political influences (Breyer et 
al., 2018). 
3.6 Conclusions 
 Our results show that the adapted remote sensing-based methodology provides good 
estimates of outdoor irrigation rates in Denver. The developed irrigation estimates illuminate water 
consumption patterns that have implications for urban development and infrastructure planning in 
water sensitive cities. We conclude that: (1) climate accounts for 25% of the interannual variance 
in mean irrigation rates, but mean daily maximum temperature, not growing season precipitation, 
is the driving climatic variable behind these changes; (2) there is a strong non-linear, inverse 
relationship between impervious land cover and irrigation rates; however, there is greater variance 
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in irrigation rates below approximately 40% impervious cover, indicating the potential importance 
of land use in controlling irrigation rates for block groups with low impervious cover; and, (3) 
while median total block group and per capita water use have declined in Denver since 2000, 
outdoor use has increased in 40% of census block groups since 1995. Of those census block groups 
with increasing outdoor water use, 93% of the increases in outdoor use are being driven by 
increasing temperatures and the remaining 7% are being driven by the continued development of 
single-family residential housing and large public green spaces. Importantly, this means that the 
proportion of urban water demand used for outdoor irrigation is increasing in Denver, making 
outdoor water conservation an increasingly important part of demand management. 
 These results highlight an approach for quantifying and targeting conservation 
opportunities in outdoor water use as well as the need for intentional planning of green spaces for 
multiple benefits. As anthropogenic climate change continues to drive increasing temperatures, 
our results indicate that outdoor water use in current urban landscapes will also increase in 
response, potentially leading to increased water scarcity. However, improving urban development 
policies to encourage increasingly dense developments and low water use landscapes will help 
counteract climate-driven increases in outdoor use. At the same time, practitioners and policy 
makers should ensure that appropriate stormwater management is in place for increased runoff 
from impervious surfaces and plan infrastructure and urban forms to critically to minimize urban 
heat islands and associated increases in water demand. This means that land use and infrastructure 
planning for increasingly dense urban areas with fewer and smaller outdoor spaces should focus 
on implementing coordinated multi-purpose green spaces to provide stormwater management, 
reductions in urban heat islands and water demand, and recreation opportunities and social 
capacity. 
 Finally, future research should more clearly identify opportunities to achieve multiple 
benefits through outdoor green spaces and quantify the benefits of coordinated implementation at 
a planning level. Areas of inquiry include: (1) the tradeoffs of water use between increased 
population density and reduced irrigated areas associated with redevelopment; (2) land use and 
development patterns and characteristics that optimize urban systems to reduce water demand; and 
(3) the influence of increased urban density on the urban heat island and associated local 
temperature increases on irrigation demand. These insights can further inform integrated land use, 
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infrastructure, and water planning to improve the resilience of urban water systems and the 
sustainability of urban developments.  
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4.1 Abstract 
 Outdoor water use represents up to half of total urban water demand in many semi-arid and 
arid cities and presents a climate adaptation challenge in urban centers. As indoor efficiency and 
reuse improves, outdoor use amounts to an increasingly large portion of consumptive urban water 
demand. Infill development, or the conversion of single-family properties to more dense multi-
family and mixed-use developments, is a growing trend in urban planning; however, the influences 
of infill on outdoor water demand are poorly understood. The current work utilizes a remote 
sensing-based methodology to calculate parcel-scale irrigation rates in Denver, Colorado and 
applies a novel resampling methodology to model the impacts of redevelopment on outdoor water 
use. Results for 2018 showed irrigation rates varied by almost 250 mm between park and 
commercial land uses, and mean single-family irrigation rates of 224 mm exceeded multi-family 
rates by 70 mm. Redevelopment scenarios in the Berkeley neighborhood of Denver showed 
increasing redevelopment produces decreasing outdoor water use in 2018. In the Berkeley 
neighborhood, modeled redevelopment of 1,347 single-family parcels (39.5%) resulted in a 
102,000 m3 (30.2%) reduction in outdoor use. Citywide analyses indicate reductions of 141,000 
m3 (114 AF, or 0.76%) of residential outdoor use per one percent increase in redeveloped single-
family parcels. Results highlight the importance of the continued integration of land use and water 
supply and demand management within urban planning process, including opportunities to 
promote climate adaptation in urban environments.     
 
 
11 See Appendix A for permissions. 




 Outdoor water use represents a significant portion of urban water demand, especially in 
semi-arid and arid climates. Across the continental United States, irrigated turfgrasses are the 
largest cultivated crop, occupying approximately two percent of land area and three times more 
land than the next largest single crop (Harrington, 2016; Milesi et al., 2005). In the western U.S., 
outdoor use to irrigate turfgrasses and other urban vegetation makes up 40-70% of total water use 
(Hogue & Pincetl, 2015), and evapotranspiration (ET) from irrigated turfgrass occurs at rates near 
potential ET indicating that these surfaces are well-watered (Litvak et al., 2017). In Los Angeles, 
unshaded turfgrass irrigation frequently exceeds recommended irrigation rates by 40%, which 
corresponds to a 30 gallon per day excess for a typical residential lawn, or 15 million gallons 
citywide (Litvak & Pataki, 2016). However, turfgrass shading by trees can reduce water use by up 
to 50% (Shashua-Bar et al., 2009). Residential land uses, including single-family residential (SFR) 
and multi-family residential (MFR), comprise significant portions of outdoor demand (Denver 
Water, 2019b; U.S. EPA, 2013). In Denver, Colorado, outdoor water use represented 40% of total 
annual demand in 2010 (CWCB, 2016), and SFR irrigation represents approximately 23.5% of 
total demand (Denver Water, 2019a).  
 Outdoor use presents a significant climate adaptation challenge for cities in water scarce 
regions and an increasingly important target of water conservation efforts. Anthropogenic climate 
change is projected to influence both water supplies and outdoor water demand, especially in semi-
arid and arid cities (Gober et al., 2016; Lukas et al., 2014; Chapter 3). Increasing temperatures and 
altered precipitation patterns are projected to reduce the reliability of water supplies and potentially 
decrease total supplies in the western U.S. Simultaneously, Pickard et al. (2017) predict increasing 
water demand across urban centers in the U.S., including more than a 50% increase in demand in 
several counties surrounding Denver by 2060. Increased temperatures are also projected to drive 
increases in demand for outdoor water use in existing developments (Breyer et al., 2012; Chapter 
3), without considering new demand from current and future development in these urban regions. 
As many cities increase their wastewater treatment and reuse as a source of new supplies (Landers, 
2019), outdoor use represents an increasingly large portion of consumptive use in urban systems. 
While significant improvements have been made toward indoor efficiency in the urban water 
sector (DeOreo et al., 2016), the consumptive nature of outdoor use and its relationship to climate 
change make it a growing challenge for water resource managers (Gober et al., 2016).  
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 To promote water conservation, development policy and urban planning efforts are 
focusing on achieving water conservation through land use planning globally (Bates, 2012; 
Blanchard, 2018; B. Mitchell, 2005). In the context of the study site, Colorado’s State Water Plan 
sets the goal that 75% of Coloradans will live in communities that have integrated saving measures 
into land use planning by 2025 (CWCB, 2016). While the State Water Plan identifies outdoor use 
as a significant source of conservation potential, specific guidance for land use planning is lacking; 
instead, the plan focuses on removing legal and financial barriers, implementing more efficient 
technologies, and implementing low water use, or xeric, landscaping practices (Gilliom, 2020). 
Similarly, guidance documents focus on institutional and legal barriers to integrating land use and 
water planning but do not provide quantitative summaries of the benefits of increased density 
(Blanchard, 2018). Despite a growing focus on combining landscape and water planning and 
removing institutional barriers, little progress has been made toward wide-scale integration. For 
example, a review of Australian case studies highlights that only 15% of land and water planning 
documents consider both land use and water together (Serrao-Neumann et al., 2017). 
 While these efforts lay out important steps for the implementation of outdoor conservation 
efforts, they provide little guidance for specific development policies to achieve this end. Land use 
planning and development policy focused on the types and location of development may provide 
important paths and specific recommendations for reducing outdoor demand beyond promoting 
low water use landscapes. Redevelopment, or infill development, provides an opportunity to 
reduce urban sprawl as vacant or underutilized parcels are developed, increasing urban density and 
providing economic revitalization (McConnell & Wiley, 2010). The terms redevelopment, infill 
development, and infill are often used to describe the same phenomenon, and this study uses these 
terms interchangeably. These urban transitions are frequently characterized by the transition of 
SFR residential properties with large irrigated lawn areas to MFR residential properties with 
increased impervious area and decreased lawn area (Panos et al., 2018). Reductions of lawn area 
associated with infill are likely accompanied by decreases to outdoor water demand (Gilliom, 
2020), and large-scale implementation of infill projects may provide an opportunity to achieve 
demand reduction for large urban water systems. 
 Several studies have shown that density and urban form can influence water use patterns. 
Sanchez et al. (2018) show that landscape spatial patterns of development better account for 
variations in total water use than socio-economic, environmental, and climatic factors in North and 
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South Carolina. They find that higher density developments in simple, aggregated forms may 
provide for growth patterns that maximize the efficiency of water use. In Salt Lake City, Utah, 
Stoker and Rothfeder (2014) observe higher total annual water use within commercial land uses 
than in residential land use classes and suggest the use of form-based zoning codes to promote 
water conservation in new developments. In Portland, Oregon, over 93% of total water use can be 
explained by land use building area, and the authors note that growing calls for integrated land use 
and water planning have yet to result in significant examination of urban form and development 
patterns on water consumption (Shandas & Parandvash, 2010). Polebitski et al. (2011) used an 
urban simulation model to predict changes to SFR variables in Seattle, Washington, and evaluate 
their effects on total water demand with previously identified multiple regressions for the Puget 
Sound Region. They show that MFR properties have less outdoor use and exhibit lower seasonality 
than SFR properties and project that changes in building characteristics and urban density will 
decrease total and summer water use. Polebitski et al. (2011) note the contribution of outdoor use 
as a driver of SFR water demand despite Seattle having some of the lowest outdoor water use rates 
in the United States. Previous studies have also identified relationships between outdoor water use 
and socio-demographic variables and the influence of drought restrictions (Mini et al., 2014a, 
2015; Quesnel & Ajami, 2019).  
 Redevelopment and infill provide opportunities to reduce outdoor demand and improve the 
resilience of urban water systems. However, there is a paucity of literature that explicitly examines 
the influences of land use or redevelopment on outdoor water demand. This work aims to quantify 
the relationship between urban development and outdoor water use to inform the integration of 
land use and water planning for water conservation. Remote sensing-derived parcel-scale irrigation 
data are evaluated for 2018 in Denver, Colorado for various residential redevelopment scenarios 
to answer the following research questions: (1) To what degree does outdoor water use vary 
between land use types? and (2) What are the cumulative effects of increased residential density 
due to redevelopment of single-family residences on outdoor water use? 
4.3 Study Site 
 4.3.1 Denver and the Berkeley Neighborhood 
 The City and County of Denver, Colorado (Figure 4.1) covers 401.4 km2 and was home to 
an estimated population of 716,492 in 2018 (U.S. Census Bureau, n.d.). The city has an annual 
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population growth rate of 1.6%, growing nearly 20% since 2010 (Murray, 2019). From 2010 to 
2018, the population served by Denver Water grew by 181,000, the total annual treated water 
consumption varied between 227 and 273 million m3 (60,000 and 72,000 million gallons), and 
daily per capita water use decreased by approximately 0.11 m3 (30 gallons) (Denver Water, 2019a). 
Denver has a cold, semi-arid (steppe) climate (Kottek et al., 2006), with mean annual temperature 
of 10.3°C, mean annual precipitation of 363 mm (National Weather Service, 2018), and annual 
potential ET of 1.28 m (Abatzoglou et al., 2018). Average annual snowfall of 1.45 m occurs 
between October 18–April 28 (National Weather Service, n.d.), and irrigation typically occurs 
from May through October (Denver Parks and Recreation, n.d.). Significantly increasing 
temperatures, projected alterations to snowmelt timing and peak runoff, and decreasing snowpack 
are threatening reductions in surface water availability (Lukas et al., 2014), and water shortages 
are expected to increase (Brown et al., 2019). 
The Berkeley neighborhood is located in northwest Denver and occupies 4.8 km2. It is home 
to approximately 11,000 people and comprised of 53% impervious area as of 2014 (Panos et al., 
2018). Berkeley contains 30.7% single-family, 17.8% parks and open space, 7.9% multi-family, 
3.9% commercial, industrial, and institutional, and 0.3% mixed land uses by area in 2018. In the 
last decade, extensive infill development has begun within the neighborhood (Cherry et al., 2019), 
making this an ideal location for a case study on the effects of redevelopment at the local scale. 
4.3.2 Redevelopment Scenarios 
 This study builds upon previous work by Cherry et al. (2019) and Panos et al. (2018) that 
evaluates infill in the Berkeley neighborhood (Figure 4.1) to assess redevelopment scenarios. 
Cherry et al. (2019) created redevelopment probabilities for all parcels in the Berkeley 
neighborhood based on a linear regression of changes in building area coverage in the 
neighborhood and a logistic regression of parcel characteristics including total value, year built, 
percent difference between current and maximum building cover, and parcel use classification. 
Panos et al. (2018) applied these probabilities to evaluate redevelopment scenarios and their 
impacts on runoff and stormwater management in the Berkeley neighborhood. 
 Using the same probability thresholds of 0.3, 0.2, and 0.1 from Panos et al. (2018), the 





Figure 4.1. Parcel-level land use classification and Berkeley redevelopment scenarios. Panel a) 
shows citywide existing land use in 2018, the extent of the Berkeley neighborhood sewershed 
within Denver, and the distribution of land use classes in the Berkeley neighborhood. Panels b), 
c), and d) show the scenarios for low, moderate, and high redevelopment in the Berkeley 
neighborhood, respectively. These scenarios correspond to 9.8%, 39.5%, and 78.3% of SFR 
parcels being redeveloped into the MFR land use. 
   
(Figure 4.1). Because the scope of the current work considers infill development of residential 
properties and because redevelopment of SFR parcels comprises a majority of redevelopment in 
the Berkeley neighborhood (81-82% in all three scenarios), only SFR parcels are projected to 
redevelop in each scenario. The low, moderate, and high scenarios correspond to 9.8%, 39.5%, 
and 78.3% of SFR parcels redeveloped, respectively. These values provide a wide range of 
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redevelopment possibilities to evaluate potential impacts on outdoor water use. Citywide 
redevelopment scenarios use the same percentages of SFR conversion as the Berkeley scenarios. 
4.4 Data 
 4.4.1 2018 Existing Land Use 
  Parcel-level data were obtained as a shapefile from the Denver Open Data Catalog for 
2018 (City and County of Denver, 2019). These data are classified into 16 land uses. Because this 
study explores outdoor water use and focuses on residential land use classes, these data were 
reclassified into five groups (Table 4.1). These classes are (original classes in parentheses): 
Commercial, Industrial, and Institutional (CII; Commercial/Retail, Industrial, and Office), Mixed 
(MIX; Mixed-use), Multi-family residential (MFR; Multi-unit residential and two-unit 
residential), Single-family residential (SFR; Single-unit residential), and Parks and Open Space 
(PKO; Parks/Open space). The Agriculture, Entertainment/Cultural, Parking, Public/Quasi-Public, 
ROW/Road, Transportation/Communication/Utilities, Other/Unknown, and Vacant classes were 
excluded. 
 















CII 8,013 7,430 4,816 1,379 75.4 26.0 
MFR 29,453 14,843 843 163 54.5 153.7 
MIX 727 517 3,374 895 62.8 66.7 
PKO 794 696 35,631 7,380 10.4 270.9 
SFR 133,475 125,500 605 579 37.2 223.9 
 
 
 Because many parcels, particularly for residential land use classes, are smaller than the 900 
m2 pixel size of Landsat imagery from which irrigation rates are calculated, a buffer was applied 
to reduce the effects of mixed-land use pixels on final calculations. For each of the land use classes, 
a 15 m buffer was created around parcels of all other classes, and those parcels which intersect the 
buffer were removed. The application of a buffer ensures that mixed-land use pixels were excluded 
from calculations and that spectral contributions to the calculation of parcel-level values were 
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obtained from Landsat pixels comprised entirely of the same land use class as the parcel for which 
values are calculated. 
 4.4.2 Landsat Data 
 Landsat 8 (OLI) Tier 1 Surface Reflectance data were processed in Google Earth Engine 
to obtain 30 m resolution Normalized Difference Vegetation Index (NDVI) data for irrigated, non-
irrigated, and impervious endmembers in the Denver metropolitan region and each parcel for the 
2018 growing season (Gorelick et al., 2017; Vermote et al., 2016). Landsat 8 has a 16-day return 
period, and each image from May 1, 2018–October 31, 2018 was masked for clouds, cloud 
shadows, water, and missing data before calculating NDVI values. NDVI values were used to 
calculate irrigation rates for 2018 (see Section 4.5.1). 
 4.4.3 Tax Assessor’s Property Characteristics 
 To characterize differences between parcels within the same land use class and account for 
built environment variables, the Real Property Residential Characteristics data were obtained from 
the City and County of Denver Assessment Division (2020). For SFR and MFR properties, the 
following property characteristics were joined to irrigation rates calculated for each parcel: number 
of buildings, property class, impervious area, number of stories, basement area, number of 
bedrooms, year built, year remodeled, number of units, total value, and land value. The land area 
from the property characteristics data was replaced by the land area calculated from the parcel 
shapefile, which was determined to provide a more accurate representation of parcel area. 
 4.4.4 Land Cover Data 
Impervious land cover data were used to further characterize the built environment of each 
Denver parcel. Percent Developed Impervious data were obtained from the National Land Cover 
Database (NLCD) for 2016 (Yang et al., 2018). Area weighted averages of percent imperviousness 




 4.5.1 Calculating Irrigation Rates 
 Irrigation rates were calculated at the parcel scale based on the approach of Johnson & 
Belitz (2012) and as adapted in previous work (Chapter 3) (Figure 4.2). Inputs to the model include 
representative endmembers for irrigated, non-irrigated, and impervious surfaces delineated from 
aerial imagery, as well as Landsat imagery to calculate NDVI, and daily GRIDMET grass 
reference ET (Abatzoglou, 2013). After delineating endmembers, NDVI values were calculated 
for each endmember class and parcel from the buffered subset of each land use class. In months 
with more than one clear sky Landsat image, NDVI values were averaged into a single monthly 
value. Next, irrigated fraction was calculated for each parcel as the ratio of the difference in parcel 
NDVI and impervious NDVI to the difference of irrigated NDVI and impervious NDVI. 
Maximum NDVI surplus was calculated as the difference in the irrigated endmember NDVI and 
the non-irrigated endmember NDVI, and NDVI surplus for each parcel was calculated as the 
product of parcel irrigated fraction and maximum NDVI surplus. Monthly urban landscape ET 
was calculated as the product of monthly GRIDMET grass reference ET – the sum of daily values 
for each month – and a landscape coefficient, previously calibrated as 0.46 in Denver (Chapter 3). 
Maximum monthly irrigation rate was calculated as a function of NDVI surplus, minimum and 
maximum NDVI surplus, and minimum and maximum urban landscape ET. Finally, monthly 
parcel irrigation rates were calculated as the product of parcel irrigated fraction and maximum 
monthly irrigation rate and summed to obtain a growing season total irrigation rate.  
To evaluate differences between irrigation rates in different land use classes, a two-sample 
Kolmogorov-Smirnov test (K-S test) (Smirnov, 1939) was used for each combination of land use 
irrigation values. The K-S test is a non-parametric evaluation of two sample distributions that 
evaluates the null hypothesis that two samples are derived from the same continuous distribution. 
 4.5.2 Data Cleaning 
 After irrigation rates were calculated and parcel characteristics and land cover data were 
joined for all parcels, data cleaning was employed to remove negative irrigation values and parcels 
with incomplete data. Negative rates occur when the NDVI of a parcel is less than the NDVI of 
non-irrigated surfaces, most often when a parcel is comprised entirely or almost entirely of 
impervious surfaces. In such cases, little to no irrigation was hypothesized to occur within the 
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parcel on impervious surfaces. Therefore, negative irrigation rates were set to zero. The records 
for parcels that were missing any value were removed to obtain the final set of irrigation rates for 
analysis. Final data sets for each land use were deemed to be sufficiently large sample sizes to be 
representative of each land use class (Table 4.1). 
 
 
Figure 4.2. Flowchart of the remote sensing-based methodology for calculating parcel irrigation 
rates. 
 
 4.5.3 Conditional Inference Trees 
 Conditional inference trees (CI trees) were used to identify subsets of the SFR and MFR 
land use classes which are representative of redeveloping or redeveloped parcels, respectively. CI 
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trees use a recursive method to partition a response variable, such as irrigation rate, into groups 
based upon predictor variables, such as parcel characteristics (Hothorn, Hornik, & Zeileis, 2006; 
Hothorn, Hornik, van de Wiel, et al., 2006). The method is a three-step process: (1) test for global 
independence of variables and if independent, select the predictor variable with the strongest 
relationship with the response variable, (2) test for significant differences in populations of the 
response variable, and (3) implement a binary split based upon the predictor variable if significant 
differences in populations are identified. The method iterates through these three steps until there 
are no more independent variables or no more significant differences in populations exist. The CI 
tree methodology was implemented in R using the ‘party’ package (Hothorn et al., 2020). Results 
of the CI tree outputs are shown in Appendix C and used to inform resampling for both the 
Berkeley neighborhood and citywide redevelopment scenarios. 
 4.5.4 Resampling Methodologies for Redevelopment Scenarios 
 Simulation of residential infill was conducted by selecting SFR parcels for redevelopment 
and resampling their irrigation rates from representative MFR parcels (Figure 4.3). The novel 
method begins with pre-redevelopment MFR and SFR parcels with irrigation volume calculated 
from the irrigation rate and land area of each parcel. Because only redevelopment of SFR parcels 
into MFR parcels is simulated, MFR parcels are not resampled for the redeveloped irrigation 
volumes. SFR parcels are split into two groups, one that remains unchanged as SFR parcels that 
are not redeveloped and one that is selected to be resampled. To identify MFR parcels that are 
characteristic of redeveloped properties, the results of the CI tree analysis were used to select a 
representative subset of MFR parcels. Based on these results, MFR parcels that were remodeled 
after 2007 were selected as representative (Appendix C). Finally, irrigation volumes from the 
representative MFR parcels were randomly sampled to replace the SFR parcels before 
redevelopment, resulting in the redeveloped parcel irrigation volumes.  
 The resampling method was implemented in the same manner for both the Berkeley 
neighborhood case study and citywide analysis with two exceptions. First, for the Berkeley 
neighborhood, only MFR parcels from within the neighborhood were used to obtain both the MFR 
irrigation volumes and the representative MFR parcels. Second, redevelopment probability values 
were used to select SFR parcels for redevelopment in the Berkeley neighborhood; for the citywide 
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analysis, SFR parcels for redevelopment were randomly selected from the pre-redevelopment SFR 
parcel distribution as a percent of the total number of parcels.  
 
 
Figure 4.3. Flowchart for the resampling methodology. Input data are shown in large, blue squares 
with rounded edges, and outputs are shown in large green ovals. Processes are shown in white 
squares with rounded edges, and intermediate data are shown in white squares. 
  
The analysis was repeated for 10,000 iterations for each redevelopment scenario. Each 
iteration contained a unique subset of randomly sampled MFR values used to represent final 
redeveloped parcels in both the Berkeley and Denver analyses (‘Representative MFR Parcels’ in 
Figure 4.3). Berkeley scenarios maintain the same parcels redeveloped in each iteration of a 
scenario based upon redevelopment probability, while Denver-wide scenarios contained a 
randomly sampled and unique subset of the SFR parcels selected for redevelopment in each 
iteration. At both scales these values (‘SFR parcels before redevelopment’ in Figure 4.3) were 
replaced by the representative MFR values to form the redeveloped (SFR to MFR) group. These 
iterations resulted in a distribution of predicted post-redevelopment irrigation volumes for each 
scenario. In the Berkeley neighborhood, three scenarios – low, moderate, and high – were 
evaluated for redevelopment. For the Denver-wide analysis, ten scenarios representing 10% to 
100% of SFR parcels redeveloped in increments of 10% were assessed in addition to the low, 
moderate, and high scenarios. 
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4.6 Results and Discussion 
 4.6.1 Irrigation Rates by Land Use 
 Denver residential parcels, MFR and SFR, are smaller than CII, MIX, and PKO parcels on 
average (Table 4.1). Therefore, almost 95% of parcels analyzed in Denver are classified as 
residential, but these parcels only cover 62% of the corresponding land area. After data cleaning, 
86% of all parcels were retained for analysis, ranging from a minimum of just over 50% for MFR 
to a maximum of 94% for SFR. All land use classes exhibit right-skewed distributions of land area, 
demonstrated by mean areas greater than median areas, indicating that all land uses contain large 
parcels as outliers with respect to size (Table 4.1). However, land use classes comprised of 
generally larger parcels are more highly skewed; therefore, this effect is largest for PKO parcels 
and smallest for SFR parcels. Parcel impervious cover varies greatly by parcel land use, ranging 
from a minimum of 10.4% for PKO to a maximum of 75.4% for CII. PKO parcels were irrigated 
at the highest rate in 2018, while CII parcels received the least outdoor water use.  
 Mean irrigation rates in 2018 for the five land use classes varied by almost 250 mm (Table 
4.1; Figure 4.4). PKO parcels were irrigated at the highest rate (averaging 271 mm and ranging 
between 150 and 450 mm) in 2018, while CII parcels (averaging 26 mm) received the least outdoor 
water use. Both SFR and MFR parcels exhibited similar ranges of irrigation rates from 
approximately 0 mm to 400 mm. However, SFR parcels had higher mean irrigation rates than MFR 
by an average of approximately 70 mm, and almost all SFR parcels were irrigated with at least 125 
mm of water, whereas over a quarter of MFR parcels were irrigated at a rate of less than 125 mm. 
Both residential classes exhibited an increase in density at irrigation rates of 0 mm relative to other 
irrigation rates between 0 and 100 mm. A large portion of both CII and MIX parcels had irrigation 
rates below 100 mm for 2018 (approximately 98% and 80%, respectively), and CII parcels 
exhibited their highest density between 0 and 40 mm. K-S tests demonstrated that each of the five 
land use irrigation distributions was unique from each of the other four distributions (p<0.001). 
High outdoor water use rates for PKO parcels are likely explained by the high percentages 
of irrigated area, especially turfgrasses, typically found in public parks; although, many smaller 
parks do contain higher impervious land cover, including parking lots, sidewalks, and tennis and 
basketball courts, relative to their total size. Though irrigation rates below 150 mm represented 





Figure 4.4. Violin plots of 2018 irrigation rates for Denver parcels are shown by land use class. 
Violin plots show the range of calculated irrigation rates for each class with a rotated kernel density 
plot that shows the probability density of values along the y-axis. Mean irrigation rates for each 
class are shown with red diamonds, and median land use class values are shown with blue circles. 
 
with higher impervious areas and open space parks, which typically receive little to no irrigation. 
Similarly, many SFR and MFR parcels contain large irrigated turfgrass areas and have higher 
irrigation rates. The increase in density of low irrigation rates for residential classes is hypothesized 
to be caused by the inclusion of vacant lots and multi-family properties that utilize all or almost 
all of the lot area for the building, representative of typical infill development. CII and MIX parcels 
both typically utilize larger portions of the parcel for the built environment. CII parcels include 
strip malls, manufacturing, and retail stores, all of which typically include little irrigated area. 
Similarly, MIX parcels often aim to utilize the entire area of a parcel for commercial activity and 
residential development. However, outliers may include office parks (CII) or developments that 
include public or private green space (MIX) with higher irrigation rates. 
 4.6.2 Berkeley Neighborhood Case Study 
 Redevelopment scenarios utilizing probabilities from Panos et al. (2018) showed that the 
conversion of SFR to MFR properties results in cumulative decreases in outdoor water use (Figure 
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4.5). All analyses, including total volume, absolute change in volume, and percent change in 
outdoor use, are reported for total residential outdoor use. Total residential outdoor use is the sum 
of MFR and SFR outdoor use, and percent changes are relative to this volume, not to SFR outdoor 
use, total outdoor use, or total indoor and outdoor use. The calculated total volume of residential 
outdoor use for 2018 was 339,000 m3 and decreased on average by 5.69% in the low 
redevelopment scenario (9.8% of SFR parcels redeveloped), 30.23% in the moderate 
redevelopment scenario (39.5% of SFR parcels redeveloped), and 63.31% in the high 
redevelopment scenario (78.3% of SFR parcels redeveloped) (Table 4.2). These decreases 
corresponded to a mean outdoor water use of 319,000 m3 (259 acre-feet), 236,000 m3 (191 acre-
feet), and 124,000 m3 (101 acre-feet), respectively. Therefore, increasing cumulative 
redevelopment is related to decreasing cumulative total water use in the Berkeley neighborhood.  
The probability distribution of solutions widened as the percentage of SFR parcels 
redeveloped increased (Figure 4.5), and the standard deviation of solution sets increased 
accordingly (Table 4.2). Because resampling is based on the probability of redevelopment for each 
parcel, a parcel that was selected for redevelopment in the low scenario was redeveloped in all 
10,000 solutions for that scenario as well as each of the 10,000 solutions for both the moderate and 
high redevelopment scenarios. Therefore, an increasing number of parcels that are redeveloped or 
resampled from the MFR distribution leads to greater uncertainty within the solution sets. 
However, K-S tests showed that each of the three solution sets for the redevelopment scenarios 
were significantly different from the other two sets (p<0.001). 
Redevelopment, and specifically the conversion of SFR to MFR properties, provides an 
opportunity to promote significant water conservation. Even in the low redevelopment scenario 
where less than 10% of eligible SFR parcels are redeveloped, which accounted for 335 SFR parcels 
being redeveloped in 2018, appreciable water savings were achieved. The low redevelopment 
scenario resulted in a decrease in irrigation of almost 20,000 m3 (16 acre-feet) in a neighborhood 
that represents 1.2% of total land area in the city of Denver. These savings increased to a maximum 
of 214,000 m3 (173 acre-feet) in the high redevelopment scenario. Importantly, these savings only 
account for irrigation trends within the Berkeley neighborhood. Because infill development 
increases urban density, it is theorized to reduce sprawl (McConnell & Wiley, 2010), reducing 
new low-density development. Therefore, it is likely that redevelopment not only reduces outdoor 
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Figure 4.5. Probability density functions of the 10,000 resampling solution sets for each of the 
three redevelopment scenarios in the Berkeley neighborhood. High, moderate, and low 
redevelopment scenarios are shown in red, orange, and yellow, respectively, and are labeled. (a) 
Total outdoor water use (m3) for each of the three redevelopment scenarios and total calculated 
2018 outdoor use (the baseline scenario shown with the green vertical line). (b) Percent change in 
residential outdoor water use relative to 2018 baseline (pre-redevelopment) scenario. 
 
4.6.3 Denver-wide Redevelopment 
 To evaluate large-scale redevelopment on system-wide demand, the redevelopment 
scenarios were applied to all SFR parcels within the City and County of Denver. These results 
displayed similar patterns at the city-scale to those seen in in the Berkeley neighborhood (Figure 
4.6; Table 4.2). Increasing redevelopment across Denver was associated with reduced outdoor 
water use. The calculated volume of outdoor use for 2018 is 18,600,000 m3 and decreased on 
average by 7.41% in the low redevelopment scenario (9.8% of SFR parcels redeveloped), 29.85% 




Table 4.2. Summary statistics for the solution sets of outdoor water use volume in the high, moderate, and low redevelopment 





Total Residential Outdoor Use Volume (m3) 
Berkeley City-wide 
mean median std. dev. max min mean median std. dev. max min 
Pre-Infill 3.39E+05     1.86E+07     
Low 3.19E+05 3.19E+05 3.79E+02 3.21E+05 3.18E+05 1.72E+07 1.72E+07 9.05E+03 1.73E+07 1.72E+07 
Moderate 2.36E+05 2.36E+05 8.87E+02 2.39E+05 2.33E+05 1.30E+07 1.30E+07 1.55E+04 1.31E+07 1.30E+07 
High 1.24E+05 1.24E+05 1.29E+03 1.29E+05 1.20E+05 7.58E+06 7.58E+06 1.44E+04 7.64E+06 7.52E+06 
 Absolute Change in Residential Outdoor Use Volume (m3) 
 Berkeley City-wide 
 mean median std. dev. max min mean median std. dev. max min 
Low -1.93E+04 -1.93E+04 3.79E+02 -1.76E+04 -2.10E+04 -1.38E+06 -1.38E+06 9.05E+03 -1.34E+06 -1.41E+06 
Moderate -1.02E+05 -1.02E+05 8.87E+02 -9.93E+04 -1.06E+05 -5.55E+06 -5.55E+06 1.55E+02 -5.49E+06 -5.61E+06 
High -2.14E+05 -2.14E+05 1.29E+03 -2.10E+05 -2.19E+05 -1.10E+07 -1.10E+07 1.44E+04 -1.10E+07 -1.11E+07 
 Percent Change in Residential Outdoor Use (%) 
 Berkeley City-wide 
 mean median std. dev. max min mean median std. dev. max min 
Low -5.69 -5.69 0.11 -5.20 -6.20 -7.41 -7.41 0.05 -7.21 -7.60 
Moderate -30.23 -30.23 0.26 -29.32 -31.33 -29.85 -29.85 0.08 -29.52 -30.14 




high redevelopment scenario (78.3% of SFR parcels redeveloped) (Table 4.2). These decreases 
corresponded to mean irrigation volumes of 17,200,000 m3 (13,944 acre-feet), 13,000,000 m3 
(10,539 acre-feet), and 7,580,000 m3 (6,145 acre-feet), respectively. Using Denver Water’s daily 
per capita use of 141 gallons in 2018 (Denver Water, 2019a), modeled redevelopment reduced 
demand by the equivalent of reducing the population served by approximately 36,000 (low), 
192,000 (moderate), and 402,000 (high) people. The theoretical minimum outdoor use for 2018, 
representing 100% redevelopment of SFR parcels to MFR land use, reduced total volume by 
75.7% to 4,530,000 m3 (3,672 acre-feet). 
 Unlike results for the Berkeley neighborhood (Figure 4.5), redevelopment scenarios did 
not display any trends in the width of the solution set probability function (Figure 4.6) or standard 
deviation (Table 4.2) as the percent of SFR parcels redeveloped increases. Because the SFR parcels 
for redevelopment in the citywide analysis were randomly sampled, the specific parcels selected 
for redevelopment varied within solution sets and between redevelopment scenarios. Because both 
the SFR parcels redeveloped and the MFR parcels selected to represent the redeveloped irrigation 
rates varied, the range of values within solution sets is not tied to the percentage of parcels 
redeveloped. This also accounts for the random variance in the maximum probability values 
between solution sets for the 13 scenarios (Figure 4.6). As in the Berkeley neighborhood scenarios, 
K-S tests showed that all scenario distributions are derived from unique distributions (p<0.001); 
this includes the low and 10% redevelopment scenarios that differed by only 0.2% of SFR parcels 
redeveloped.  
 Like the results of the Berkeley case study, citywide analysis of redevelopment scenarios 
indicated that the conversion of SFR parcels to MFR parcels significantly reduced water demand 
due to outdoor use in Denver. The low redevelopment scenario was accompanied by a 1,380,000 
m3 (1,119 acre-feet) reduction in outdoor use (Table 4.2). This reduction increased to 11,000,000 
m3 (8,918 acre-feet) in the high redevelopment scenario and a theoretical maximum of 14,100,000 
m3 (11,431 acre-feet) when 100% of SFR parcels in Denver were converted to MFR. Both total 
outdoor use and percent change in outdoor use exhibited a linear relationship with the percent of 
SFR parcels redeveloped (see Appendix C). These models showed that reductions of 141,000 m3 






Figure 4.6. Probability density functions of the 10,000 resampling solution sets for each of the 
Denver-wide redevelopment scenarios. High, moderate, and low redevelopment scenarios are 
shown in red, orange, and yellow, respectively, and scenarios for increments of 10% SFR 
redevelopment are shown in blue. (a) Total outdoor water use (m3) for each of the scenarios are 
shown with the total calculated 2018 outdoor use (the baseline scenario) shown by the green 
vertical line. (b) Percent change in residential outdoor water use relative to 2018 baseline (pre-
redevelopment) scenario. 
 
 The results presented here may represent conservative estimates of outdoor water use and 
savings in Denver. In 2018, Denver Water delivered approximately 121,000,000 m3 (98,096 acre-
feet) of treated water within the city of Denver (Denver Water, 2019a). This study calculated that 
18,600,000 m3 (15,079 acre-feet), or 15.4% of potable water deliveries, were used for residential 
outdoor irrigation. This estimate is lower than what would be estimated from Denver Water’s 
reporting. Denver Water reports that 40.0% of potable water was delivered to residential customers 
in 2018 (Denver Water, 2019a), and for SFR customers, 50% is used outdoors (Denver Water, 
2019b). Based on these estimates, approximately 20.0% of total water delivery, or 24,200,000 m3 
(19,619 acre-feet), would be used for residential irrigation in Denver in 2018. Part of the difference 
in these estimates may be due to differences within the Denver Water service area and differences 
between SFR and MFR end uses. The city of Denver represents less than half of the 868 km2 area 
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included with the Denver Water service area, and development within Denver is more dense than 
surrounding suburban development. While the Denver Water service area averages 31.3% 
impervious land cover, the City and County of Denver is 36.7% impervious, and the remainder of 
the Denver Water service area is 27.1% impervious (Yang et al., 2018). These differences also 
likely correspond to smaller residential properties, both SFR and MFR, with less irrigated area and 
lower outdoor water use rates in Denver than the average residential properties within the Denver 
Water service area. Similarly, MFR properties likely use lower percentages of water outdoors than 
the 50% estimate for SFR parcels, especially in the dense urban core of Denver. Given these 
considerations, the results show reasonable agreement with Denver Water-based estimates of 
outdoor water use. However, they may represent slightly conservative estimates and provide a 
reasonable minimum baseline for the water savings potential of SFR redevelopment.  
 As in the Berkeley case study, these estimates also only accounted for reductions in outdoor 
use on existing developed parcels. They did not account for potential abatement of new outdoor 
demand driven by suburban development along the urban fringe, which typically is characterized 
by more water-intense household use and larger irrigated outdoor spaces. While these reductions 
in potential future demand may not be achieved within the boundaries of the city of Denver, they 
do prevent increases in demand for urban water systems, like Denver Water, that serve large 
metropolitan areas. Denver Water predicts that demand will increase by 5.4% per 1℃ increase in 
temperature, due largely to outdoor use (Denver Water, n.d.). Based on these results, 
redevelopment of 48.8% of SFR parcels into MFR residences would sufficiently reduce outdoor 
water use to offset climate-induced increases in total system-wide urban demand associated with 
a 1℃ increase in temperature. Although increased density on residential parcels likely increases 
indoor use within the study area, more dense residential development – along with continued 
improvements to indoor efficiencies and increased water reuse – ensures that population-driven 
increases in outdoor, consumptive demand are minimized or negated. While redevelopment of half 
of SFR parcels may be unlikely, promoting infill development to reduce outdoor water use can 
provide a substantial contribution to climate adaptation strategies for urban systems. 
 4.6.4 Multi-benefit Planning Considerations 
 While these results demonstrate that more dense urban development provides an 
opportunity to reduce system-level water demand, we do not intend to advocate for universal 
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redevelopment of SFR parcels or the complete removal of urban green spaces. Rather, we seek to 
quantify the expected changes to outdoor demand associated with redevelopment, thereby 
providing support for the integration of land use and water planning and context for consideration 
of water demand in urban planning. 
 Planning-level decisions in urban systems should be made while considering the multi-
benefit nature of urban green spaces, using irrigation demand as one of these many factors. 
Increased impervious area may be associated with increased stormwater runoff and flooding 
(Panos et al., 2018) and ultimately higher infrastructure cost, so redevelopment decisions must be 
made while considering stormwater management strategies. Many emerging stormwater 
management approaches involve the use of green stormwater infrastructure (Bell et al., 2019; Yang 
& Wang, 2017). Despite reducing flooding and mitigating thermal stress, vegetated green 
stormwater infrastructure may require irrigation for maintenance and contribute to outdoor water 
demand in semi-arid regions (Yang & Wang, 2017). Likewise, increased density may influence 
urban heat islands, intensifying daily maximum temperatures but potentially moderating nighttime 
increases in temperature (Gober et al., 2010; Li et al., 2011). Increased daily maximum 
temperatures may further increase irrigation demand in remaining green spaces (Vahmani & Jones, 
2017; Chapter 3). 
Finally, decisions to remove green spaces, including both public and private green space, 
should not be made without balancing considerations of their ancillary benefits and equity. 
Ancillary benefits include enhanced air and water quality, improved physical and mental health, 
and social and cultural support (Keeler et al., 2019). One consideration is the balance between 
public and private green spaces, as public spaces and pools can serve as a proxy for similar private 
amenities, reducing residential water demand (Halper et al., 2015). Further, redevelopment may 
drive gentrification, reduce access to affordable housing, and exacerbate inequities related to 
access to green space (Immergluck & Balan, 2018; Pearsall & Eller, 2020; Wolch et al., 2014). 
Planning decisions concerning redevelopment should not overlook affordability and equity in the 
decision-making process. Both biophysical and social considerations further demonstrate the need 
for the integration of land use and water planning and the opportunities to reimagine cities as 
sustainable systems through the design of green spaces that achieve multiple physical and social 




 This study was motivated by the increasing importance of outdoor demand in urban water 
systems and the growing focus on water conservation through land use planning. To quantify the 
relationship between urban development and outdoor water use, we applied a remote sensing-
based method to calculate urban irrigation at an innovative parcel-level scale and a novel 
resampling method to model the impacts of redevelopment on system-level demand. Our results 
demonstrate the significant relationships between urban planning, land use, and outdoor water 
demand, which represents the largest necessarily consumptive end use of water in semi-arid urban 
water systems. These results elicit two major conclusions, outlined below.  
First, outdoor water use varies greatly between land use types in Denver. Mean irrigation 
rates varied by approximately 250 mm in 2018, with parks receiving the highest irrigation rates, 
and commercial and mixed-use properties receiving the lowest outdoor water use. Residential land 
uses were irrigated at rates between these other land uses, but single-family parcels received over 
70 mm (46%) more irrigation than multi-family properties in 2018 and likely do not provide the 
social and community benefits associated with parks.  These irrigation rates exhibited an inverse 
relationship with percent impervious land cover, and land cover differences as well as the inclusion 
of vacant properties likely account for the wide ranges of irrigation rates within land use classes.
 Second, residential infill development as represented by the conversion of single-family to 
multi-family properties provides significant opportunities to reduce outdoor water demand. 
Results showed that redevelopment reduced outdoor water use in Denver by 141,000 m3 (114 acre-
feet, or 0.76% of residential outdoor use) per one percent increase in redeveloped single family 
parcels. Comparison with Denver Water-estimated outdoor use values indicates that these values 
may provide conservative savings estimates. Calculations of reductions in outdoor use within 
developed areas also did not account for reductions in future demand by reducing irrigated areas 
associated with new development and urban sprawl. Importantly, integrating land use and water 
planning in cities can provide significant contributions to climate adaptation and demand 
management, but this integration should also include considerations such as stormwater 
management and interactions with urban heat island effects. 
   This work presents an easily adapted methodology for estimating outdoor water use by 
land use type in semi-arid and arid regions. It also provides a novel framework for evaluating the 
cumulative impacts of redevelopment on outdoor water demand. Denver-specific results highlight 
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that infill development of residential urban land uses provides an impactful opportunity to integrate 
urban planning with water demand planning to create water-efficient landscapes and reduce 
system-wide demand on urban water systems. Similar analyses can be used to evaluate the impacts 
of urban planning and redevelopment policy on water demand to inform targeted planning and 
policy goals to help offset climate-driven increases in demand. However, policy and zoning 
decisions should include stormwater management and urban heat island considerations as well as 
considerations of equity and cultural and social benefits of urban greenspace. Future work should 
evaluate tradeoffs between more dense development, reductions in sprawl, changes in water 
demand, and urban heat islands. Similarly, additional work should identify policy-relevant 
guidance for the development of efficient, multi-purpose green spaces in cities. These lines of 
inquiry will continue to advance our understandings of the complex interactions between urban 
form and water demand and help to inform water-efficient urban development policy. 
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5.1 Summary of Findings  
The research presented herein fills gaps in our knowledge about hydrologic partitioning 
and changes to water yield after wildfire, the influence of climate and land cover on urban outdoor 
water use, and the impacts of urban redevelopment on outdoor water use. Results provide insights 
into both supply and demand of urban water systems and produce policy relevant conclusions for 
water management in the western U.S. Key findings within these knowledge gaps and relevant 
implications for water management and planning are discussed according to each science question 
and hypothesis, reproduced below. 
 5.1.1 Objective 1: Hydrologic Partitioning and Water Yield after Wildfire 
Question 1.1: How does wildfire affect ET in a forested watershed, and how do these changes 
relate to vegetative regimes during post-fire recovery? 
Hypothesis 1.1: Greater reductions in ET after wildfire are associated with higher severity burns 
and correspond to (a) a vegetative shift as forest stands are removed and replaced and (b) a decrease 
in Normalized Difference Vegetation Index (NDVI). 
Findings 1.1: The Chippy Creek wildfire reduced ET within the forested Mill Creek basin 
by 46%. These reductions in actual ET (derived from SSEBop) were associated with 
changes to the vegetative regime including decreased NDVI values and a transition from 
evergreen forest to shrub/scrub and grassland. Reductions of estimated actual ET were 
greatest in areas of the basin most severely burned, but were not significantly different 
from basin-wide values. Changes to actual ET occur immediately after the fire, 
corresponding with a shift in the dominant vegetation within the basin. ET showed little 
recovery to pre-fire mean values during the first decade after fire, remaining significantly 
below pre-fire ET values. These findings support Hypothesis 1.1. 
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Question 1.2: How do changes in ET contribute to partitioning of the hydrologic cycle in a forested 
headwaters catchment, and for how long do these changes persist? 
Hypothesis 1.2: Reductions in ET partition primarily into increases in streamflow, soil moisture, 
and storage; alterations to hydrologic partitioning last for a minimum of five (5) years. 
Findings 1.2: The conversion of forest to grasslands during the immediate recovery period 
and the corresponding shifts in biogeophysical processes, including reductions in ET 
identified in Findings 1.1, created a new ecohydrologic regime. In the Mill Creek Basin, 
this corresponded to an estimated 46% decrease in ET, a 141% increase in streamflow, 
and, potentially, an increase in subsurface storage within the watershed. Because the 
change in storage term is lumped with the error term, an actual change in storage was not 
determined. However, sufficiently large basin storage capacities, rooting depth vegetation 
characteristics, and increases in regional groundwater levels indicate increases in storage 
occurred. Altered partitioning within the basin lasted for at least 10 years but is likely to 
recover towards pre-fire conditions as vegetative succession returns the basin to its pre-fire 
dynamics. These results support Hypothesis 1.2 but provide evidence that alterations to the 
hydrologic cycle may last in excess of ten years. 
Question 1.3: What is the expected increase in long-term water yield as a contribution to 
downstream water supply from the burned areas of forested basins? 
Hypothesis 1.3: Forested headwaters basins experience increases in water yield of at least 25% 
from burned areas for at least five (5) years after wildfire. 
Findings 1.3: The results in the Mill Creek basin showed that water yield increased by an 
average of 141% annually, or between 75% and 305% in each post-fire year, during the 
first decade after the Chippy Creek wildfire. In basins with similar climate and vegetation 
to Mill Creek, water managers can expect an increase in runoff ratio of 130% from high 
and moderate burn severity areas and significant increases in water yield downstream of 
burned areas within their headwaters catchments for at least five to ten years; although, the 
impacts of multiple fires before recovery of forests may dampen this signal from individual 
fires. These results support Hypothesis 1.3, but indicate that changes to the hydrologic 
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cycle – in this case, water yield – may last for over a decade, similar to results presented in 
Findings 1.2.  
 5.1.2 Objective 2: Climate, Land Cover, and Trends in Outdoor Water Use 
Question 2.1: Is the influence of climate on interannual variations in outdoor water use driven 
primarily by moisture availability (precipitation) or demand (temperature) in water-limited urban 
environments? 
Hypothesis 2.1: Precipitation most strongly influences irrigation rates in Denver. There is a 
significant inverse relationship between water year precipitation and OWU and a significant direct 
relationship between growing season mean daily high temperature and OWU. 
Findings 2.1: Mean daily maximum temperature exhibited a significant positive 
relationship with mean irrigation rates from 1995-2018 in Denver and accounted for 25% 
of interannual variance in mean irrigation rates. While growing season precipitation had a 
negative relationship with mean OWU, the relationship was not significant. Therefore, 
temperature – and not precipitation – was primarily responsible for climatic influence on 
OWU, and irrigation was driven by moisture demand. These results do not support 
Hypothesis 2.1, and it is rejected based on the results of Chapter 3.  
Question 2.2: How do increases in impervious land cover affect irrigation rates at the census block 
group scale? 
Hypothesis 2.2: Increasing impervious land cover within a census block group initially increases 
OWU as green spaces are installed and irrigated. Past a certain threshold of imperviousness, OWU 
decreases as impervious surfaces reduce irrigated areas within a block group. 
Findings 2.2: The relationship found between percent impervious land cover and block 
group irrigation was primarily negative, with OWU decreasing by approximately 4.4 
mm/percent impervious. However, the relationship was better modeled with a second order 
polynomial function. This model does show a slightly increasing irrigation rate in low-
impervious block groups; however, the variance in these rates indicates a weak relationship 
between irrigation and imperviousness at low values of percent impervious. These results 
do not support Hypothesis 2.2 as initially posited, and it is rejected.  
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Nevertheless, there is a difference in the relationship between irrigation and 
impervious for low- and high-impervious groups, with a threshold around 40% impervious. 
High impervious block groups exhibited a strong, negative relationship between irrigation 
rates and percent impervious. Low impervious block groups exhibited a poorer relationship 
between OWU and imperviousness, demonstrated by larger residuals for the second order 
polynomial model. The variance in low-impervious block groups is hypothesized to be due 
to differences in irrigation behavior for varying land use classes. Above the 40% 
impervious threshold, land cover becomes more influential than differences between block 
group land use and exerts a controlling influence on block group OWU. 
Question 2.3: What are the temporal trends in urban irrigation at the census block group scale, 
and how are climate change and land cover influencing the variability in these trends? 
Hypothesis 2.3: OWU is not changing significantly through time in Denver. Climate change is not 
appreciably influencing trends in irrigation during the 24-year study period, and increased 
impervious land cover is associated with decreasing trends in OWU and OWU as a percent of total 
demand. 
Findings 2.3: Mean census block group irrigation was shown to be increasing in Denver, 
but this trend was not statistically significant. However, OWU was increasing significantly 
in 38% of individual census block groups. Because indoor and per capita use are declining 
in Denver, this means that the percentage of water used outdoors is increasing significantly 
through time. OWU is therefore an increasingly large portion of the total urban demand in 
Denver and presents important management challenges for urban water systems.  
Mean daily maximum temperature was found to be increasing significantly through 
time in Denver. Accounting for the influence of temperature on increasing trends in OWU, 
results indicate that climate change is driving 97% of significant trends in Denver. The 
remaining trends are likely related to development and the installation of parks, golf 
courses, and new single-family residential developments. In these block groups, both 
imperviousness and irrigation rates increased simultaneously. These results do not support 
the trends and relationships posited in Hypothesis 2.3, and the hypothesis is rejected. 
Importantly, the strong influence of climate indicates that OWU in existing developments 
presents a climate adaptation challenge to urban water systems in water-limited regions. 
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 5.1.3 Objective 3: Redevelopment and Outdoor Water Use 
Question 3.1: How does outdoor water use vary by land use type? 
Hypothesis 3.1: Outdoor water use rates normalized to total parcel area show a positive 
relationship with irrigated area and an inverse relationship with percent impervious area. 
Therefore, the parks and open space class will have the highest irrigation rates, while the 
commercial, industrial, and institutional class will exhibit the lowest rates.  
Findings 3.1: Land use classes showed large variability in mean outdoor water use, which 
ranged by about 250 mm in 2018. Parks and open space parcels received the most 
irrigation, followed by single-family and multi-family parcels, which differed by 70 mm 
of irrigation on average. Commercial, industrial, and institutional parcels received the 
lowest applications of irrigation, and mixed-use parcels were irrigated at the second lowest 
rates. Two-sample Kolmogorov-Smirnov tests demonstrated that all land use classes 
represent unique distributions of irrigation rates. Mean irrigation rates showed an inverse 
relationship with percent impervious land cover, and differences in land cover 
characteristics as well as the inclusion of vacant properties likely accounted for the variance 
of irrigation rates within land use classes. These results support Hypothesis 3.1 for Denver 
irrigation rates in 2018. 
Question 3.2: What are the cumulative effects of increased residential density on outdoor water 
use? 
Hypothesis 3.2: The conversion of single-family residential properties to multi-family residences 
significantly decreases outdoor water use, and the percentage of single-family parcels redeveloped 
has an inverse relationship to outdoor use in Denver.  
Findings 3.2: Modeling the conversion of single-family to multi-family properties 
indicated that redevelopment reduced outdoor water use both in the Berkeley neighborhood 
and citywide in Denver. Infill development and associated increases in residential density 
were modeled to reduce OWU by 141,000 m3 (114 acre-feet, or 0.76% of residential 
outdoor use) per one percent increase in redeveloped single-family parcels. Comparisons 
of citywide results in Denver indicated that they might provide slightly conservative 
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estimates of water savings due to redevelopment, and calculation of savings from 
redeveloping areas did not account for reductions in future demand within the Denver 
Water system from any new low-density residential developments prevented by higher-
density redevelopment. These results support Hypothesis 3.2. 
Significantly, these results indicate that residential infill development provides 
substantial opportunities to reduce outdoor water demand in water-limited urban regions. 
Integrating land use and water planning within an urban planning paradigm is an important 
contribution to the development of resilient, sustainable urban systems; however, many 
institutional and policy barriers remain in place. Successful integration provides the 
opportunity to address urban water demand in a system-level integrated urban water 
management framework, incorporate climate adaptation and demand management, and 
ameliorate concerns of denser development by accounting for stormwater management and 
interactions with urban heat islands.  
5.2 Broader Impacts 
Urban water systems are facing growing challenges associated with hydrologic 
disturbances to both supply and demand. In the water-limited western U.S. and similar semi-arid 
and arid regions globally, growing populations, landscape disturbances, and climate change are 
placing increasing pressures on urban systems and require intentional planning and creative 
management approaches. Landscape disturbances in forested headwaters catchments, from which 
65% of urban water supply is derived in the western U.S., can alter both the volume and timing of 
delivery to downstream systems (Furniss et al., 2010). Climate change is also altering the timing 
of water delivery from headwaters basins and is projected to decrease water supply in the western 
U.S. and for the Colorado Front Range (Lukas et al., 2014; USGCRP, 2018). Similarly, climate 
change and projected increases in temperature are anticipated to increase demand (Denver Water, 
n.d.) along with increasing populations. In the Colorado Front Range, these changes are forecast 
to increase demand by 20 to 40% and lead to increases in water shortages (Brown et al., 2019).  
Urban water systems largely fail to account for non-stationary risks and are threatened by 
variable precipitation, mismatches between the timing of water supply and demand, and potential 
infrastructure failure, which are essential components of water management strategies (USGCRP, 
2018). The work presented in this dissertation responds to these challenges and contributes 
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essential understandings on the resiliency of water systems. By better understanding the physical 
changes to partitioning of the hydrologic cycle after disturbances and identifying the related 
impacts to human water systems, water utilities can make more informed planning decisions. By 
accounting for the effects of wildfire on water supply and changes in urbanization on water use 
patterns, water managers can be better prepared for non-stationary changes that directly affect 
human systems with reduced, or better quantified, uncertainty associated with these alterations to 
coupled natural and human systems. 
The results of Chapters 2 through 4 highlight management- and policy-relevant principles 
that contribute to the development of resilient, sustainable urban water systems. Although wildfires 
present immediate threats to life and property, the results of Chapter 2 indicate that there are 
opportunities to utilize increases in water yield for supply of downstream urban systems. However, 
urban water systems must plan appropriately to make use of additional post-wildfire flows 
including ensuring appropriate storage capacity and planning for additional treatment needs 
associated with degraded water quality following wildfire. Within urban systems, OWU represents 
a growing challenge and increasingly large portion of consumptive water demand within urban 
systems. While OWU itself represents a demand management challenge, the results of Chapter 3 
reveal its relationships to climate and the built environment and highlight the necessity of 
integrating urban planning and water management to ensure multiple goals are met and competing 
priorities are balanced. These goals include not only reducing water demand, but managing 
density, addressing stormwater concerns, creating multi-benefit urban green spaces, and managing 
urban heat islands. Although OWU represents a growing challenge in climate adaptation for semi-
arid cities, the results of Chapter 4 highlight the opportunities presented by integrating land use 
and water planning and promoting water sensitive urban development as a component of climate 
adaptation strategy in these regions.  
5.3 Future Work 
 The work presented in this dissertation provides insights into the development of 
sustainable urban water systems; however, the work also raises several areas for future inquiry to 
expand and improve understanding of the complex interactions that affect water supply and 




 5.3.1 Wildfires, Water Yield Prediction, and Subsurface Characterization 
Further investigation is needed to characterize water yield response from burned areas after 
wildfire for a wider variety of influencing variables. Changes to water yield after wildfire are likely 
to vary from one location to another based on factors including climate, geography, geology, 
ecology, and wildfire characteristics. Efforts should focus on identifying the signal of increased 
water yield from burned areas that vary by burn severity, burned area, soil type, slope, underlying 
geology, size of the basin, pre- and post-fire vegetation types, and precipitation and temperature 
regimes. These inquiries will help provide a more complete understanding of post-wildfire water 
yield and provide better predictive ability for downstream water managers based on unique 
regional characteristics.  
Similarly, results indicate that storage increases after a wildfire, but these results are 
inferred from indirect observations. New work should focus on quantifying changes in 
groundwater and basin storage to verify behavior and changes to subsurface processes. Future 
studies should observe post-wildfire hydrology for periods longer than a decade in order to observe 
full recovery patterns of ecohydrologic systems. This information can be used 1) to identify tipping 
points and the length of time that increased water yield can be expected after a wildfire and 2) to 
identify whether recovery occurs to pre-fire conditions or towards new equilibria.  
 5.3.2 Outdoor Water Use and Integrated Urban Water Management 
 Future work should identify the interactions between increased density, decreased sprawl, 
total water use, and outdoor use in water-limited cities. Specifically, per capita total and outdoor 
use within characteristic infill development should be compared to similar values for new low-
density development to quantify savings of increased density compared to urban sprawl. These 
results are necessary to inform water managers about future demand and guide urban planning and 
zoning decisions. They also provide support and justification for policy advocacy to promote 
water-efficient urban landscapes. Further explorations should identify optimal development 
patterns and characteristics of the built environment that reduce water demand. This information 
can be used to inform neighborhood-scale redevelopment plans as well as citywide zoning and 
design. 
 Additional research is needed to elucidate the relationships between varying characteristics 
of the built environment, spatial patterns of redevelopment, and urban heat islands. Inquiry should 
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focus on 1) identifying tradeoffs between increased density with associated decreases in outdoor 
water use and increases in irrigation demand driven by locally elevated temperatures and 2) 
optimal spatial characteristics of development that provide cooling effects during the heat of the 
day but minimize irrigation demand. Likewise, urban green spaces do not solely represent water 
demand, nor do they only provide cooling benefits. Future work should focus on identifying 
optimal multi-benefit spatial configurations of green space that provide hydrologic benefits, 
including reduced demand and stormwater management, as well as equitable access to urban green 
space and associated benefits including improved air quality, physical and mental health, and 
social support.  
 Balancing a variety of goals influenced by multiple actors in urban regions shows the need 
for integrated urban management that includes urban and land use planning, water demand 
management, stormwater management, and public health considerations. Additional investigations 
outlined above should provide policy-relevant insights to the interactions of the systems contained 
within these domains. Similarly, further work is needed to identify best practices to remove policy 
and disciplinary hurdles between these actors and promote collaboration. The integration of cross-
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CHAPTER 3 SUPPLEMENTAL INFORMATION 
 
B.1  Introduction  
 The supporting information enclosed contains additional details on the methodology and 
selection of endmembers from Chapter 3. Section B.2 contains the full formulation of the adapted 
remote sensing methodology, including Figure 3.2 reproduced from the main text as an outline of 
the methodology, Equations 3.1-3.6 from the main text, and additional Equations S1-S7. Figure 
B.1 shows satellite imagery of all delineated endmembers used in model development. 
B.2  Full formulation of the adapted remote sensing-based methodology   
 Following the workflow of Johnson and Belitz (2012), the adapted methodology applied 
for the current analysis calculates vegetation indices, urban reference evapotranspiration, and 
irrigation rates at the census block group level (Figure 3.2, reproduced below). Equations used 
within the main article are reproduced here with their original numbers for continuity. 
 
B.2.1 Calculation of Vegetation Indices 
 Calculation of NDVI from Landsat 5, 7, and 8 Tier 1 surface reflectance imagery, which 
is atmospherically corrected, was conducted in Google Earth Engine (Gorelick et al., 2017; 
Masek et al., 2006; Vermote et al., 2016). Using shapefiles of the endmember classes and the 
census block groups, NDVI for each pixel was calculated as: 
    𝑁𝐷𝑉𝐼 = 𝑁𝐼𝑅−𝑅𝑒𝑑𝑁𝐼𝑅+𝑅𝑒𝑑         (S1) 
where NIR is the reflectance of the near infrared band and Red is the reflectance of the red band. 
Within these calculations, pixels containing clouds, shadows, and snow were masked to ensure 
that only clear conditions are used for calculation of NDVI (Foga et al., 2017). Then, all of the 






Figure 3.2, reproduced. Flow chart of the methodology to calculate annual growing season 
irrigation rates, adapted from the methodology developed by Johnson and Belitz (2012). 
Equations [Eq.] correspond to equations in Chapter 3 by number. For example, Eq. 1 refers to 
equation 3.1. Equations within the main article are numbered with a single digit, and equations 
presented in the supplemental information are preceded by an ‘S’. 
 
 Because there are differences in the spectral reflectance measured between different 
Landsat missions, we utilized linear corrections from Su et al. (2017) to standardize NDVI 
values from Landsat 5 and 8 reflectance to Landsat 7 equivalent reflectance. These corrections 
are shown in equations S2 and S3. 
    𝑁𝐷𝑉𝐼𝐿5_𝑠𝑡𝑑  =  1.1307 × 𝑁𝐷𝑉𝐼𝐿5 − 0.0571   (S2) 
where NDVIL5 are raw Landsat 5 NDVI values and NDVIL5_std are the Landsat 5 NDVI values 
standardized to Landsat 7 reflectance, and 
    𝑁𝐷𝑉𝐼𝐿8_𝑠𝑡𝑑  =  0.9938 × 𝑁𝐷𝑉𝐼𝐿8 − 0.0167   (S3) 
where NDVIL8 are raw Landsat 8 NDVI values and NDVIL8_std are the Landsat 8 NDVI values 
standardized to Landsat 7 reflectance. 
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 Finally, average monthly NDVI was calculated for each endmember class and census 
block group according to Equation S4. For months in which more than one clear sky scene is 
available, the mean of the NDVI values from each scene is used. 
    𝑁𝐷𝑉𝐼𝑖𝑚𝑝,𝑛𝑜𝑛,𝑖𝑟𝑟,𝑐𝑏𝑔𝑛 (𝑡) = ∑ ∑ 𝑁𝐷𝑉𝐼𝑗,𝑘𝑘1𝑗1    (S4) 
where NDVIimp(t), NDVIirr(t), NDVInon(t), and NDVIcbgn(t) represent mean monthly NDVI for 
impervious, irrigated, non-irrigated, and census block group number n, respectively, j represents 
the number of Landsat images in month t, and k represents the number of pixels within the unit 
of analysis. 
 
B.2.2  Calculation of Landscape Reference Evapotranspiration 
 Landscape reference evaporation (ETL) was derived from the landscape coefficient 
method for estimating irrigation water needs for landscaping, developed by the California 
Department of Water Resources (Costello et al., 2000).  ETL represents the irrigation needs of 
urban vegetation and was calculated using a landscape coefficient (KL) as shown in Equation 3.1. 
     𝐸𝑇𝐿(𝑡) = 𝐸𝑇0(𝑡) ∗ 𝐾𝐿    (3.1) 
where ET0 is the monthly grass reference ET from the University of Idaho’s GRIDMET dataset 
(Abatzoglou, 2013) in month t. Calibration to reduce RMSE between modeled and observed golf 
course irrigation rates resulted in using a KL value of 0.46. 
 Grass reference evapotranspiration was obtained from GRIDMET and processed in 
Google Earth Engine. The original data are available daily at approximately a 4 km resolution 
(2.5 arcmin) and are calculated using the ASCE Penman-Monteith equation (Jensen et al., 1990). 
Daily values were summed for each month to obtain monthly total grass reference 
evapotranspiration (ET0). 
 
B.2.3  Calculation of Growing Season Irrigation Rates 
 Using NDVI values for endmember areas and census block groups, we calculated the 
irrigated fraction of each census block group as shown in Equation S5. Irrigated fraction, Firrn(t), 
is the ratio of irrigated area in a census block group to the total area of the census block group. 




 Next, NDVI surpluses were calculated as shown in Equations 3.2 and S6. The NDVI 
surplus of a fully irrigated area represents the difference in irrigated NDVI and non-irrigated 
NDVI due to outdoor water use (Equation 3.2), and the NDVI surplus of each census block 
group represents the increase in block group NDVI above non-irrigated NDVI due to irrigation 
within the block group (Equation S6). 
    𝑁𝐷𝑉𝐼_𝑆(𝑡) = 𝑁𝐷𝑉𝐼𝑖𝑟𝑟(𝑡) − 𝑁𝐷𝑉𝐼𝑛𝑜𝑛(𝑡)    (3.2) 
where NDVI_S(t) is the NDVI surplus between a fully irrigated vegetated surface and non-
irrigated vegetated surface in month t, and 
    𝑁𝐷𝑉𝐼_𝑆𝑐𝑏𝑔𝑛 (𝑡) = 𝑁𝐷𝑉𝐼_𝑆(𝑡) ∗ 𝐹𝑖𝑟𝑟𝑛(𝑡)   (S6) 
where NDVI_Scbgn(t) is the NDVI surplus for census block group number n in month t. 
 Using the NDVI surplus for a fully irrigated area and landscape reference 
evapotranspiration, the monthly maximum irrigation rate for a fully-irrigated landscape was 
calculated as shown in Equations 3.3-3.5.  
    𝐼𝑟𝑟(𝑡) = 𝑎(𝑦)𝑒𝑏(𝑦)∗𝑁𝐷𝑉𝐼_𝑆(𝑡)     (3.3) 
where Irr(t) is the monthly maximum irrigation rate for a fully irrigated surface in month t, and 
a(y) and b(y) were calculated according to Equations 3.4 and 3.5, respectively. 
    𝑎(𝑦) = 𝐸𝑇𝐿,𝑚𝑎𝑥(𝑦)𝑒𝑏(𝑦)∗𝑁𝐷𝑉𝐼_𝑆𝑚𝑎𝑥(𝑦)     (3.4)  
where a(y) is an annual constant, ETL,max(y) is the maximum annual landscape ET value in the 
year, y, in which month t, from Equation 3.3, falls and NDVI_Smax(y) is the maximum NDVI 
surplus value for all census block groups in year y, and 
    𝑏(𝑦) = 𝑙𝑛 (𝐸𝑇𝐿,𝑚𝑎𝑥(𝑦)) −𝑙𝑛 (𝐸𝑇𝐿,𝑚𝑖𝑛(𝑦))𝑁𝐷𝑉𝐼_𝑆𝑚𝑎𝑥(𝑦)−𝑁𝐷𝑉𝐼_𝑆𝑚𝑖𝑛(𝑦)      (3.5) 
where b(y) is an annual constant, ETL,min(y) is the minimum annual landscape ET value in the 
year, y, and NDVI_Smin(y) is the minimum NDVI surplus value for all census block groups in 
year y. 
 The maximum irrigation rate and the irrigated fraction for each census block group were 
then used to calculate the monthly irrigation rate for each census block group (Equation 3.6). 
Irrigation is limited to the growing season in Denver. Therefore, the monthly rates for May 
through October are summed for each block group to provide an annual growing season 
irrigation rate (Equation S7).  
    𝐼𝑟𝑟𝐹𝑛(𝑡) = 𝐼𝑟𝑟(𝑡) ∗ 𝐹𝑖𝑟𝑟𝑛(𝑡)     (3.6) 
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where Firrn(t) is the actual irrigation rate for census block group n in month t, and 
    𝐼𝑟𝑟𝐹𝑛(𝑦) = ∑ 𝐼𝑟𝑟𝐹𝑛(𝑡)𝑛𝑡1       (S7) 
where IrrFn(y) is the total growing season irrigation rate in census block group n in year y, 
IrrFn(t) is the irrigation rate in each month, t, of the growing season in census block group n 
(Equation 3.6), and nt is the month in the growing season from May through October. 
 
 
Figure B.1. Aerial images of the delineated and buffered endmember polygons for the three 
endmember classes: impervious, non-irrigated, and irrigated. Details of the locations and size of 






CHAPTER 4 SUPPLEMENTAL INFORMATION 
  
C.1  Conditional Inference Trees 
 
 Conditional inference trees were built between irrigation rates and all variables, individual 
variables, and groupings of significant variables for both MFR and SFR properties. The role of the 
conditional inference tree analysis is to identify subsets of MFR and SFR irrigation distributions 
that are characteristic of either SFR parcels that redevelop or MFR parcels after redevelopment. 
For MFR parcels, year remodeled (YR_RM), total value (TOT_VAL), land value (LAND_VAL), 
and impervious area (IMP_AREA) are the only significant variables (p<0.05, Figure C.1). No 
significant variables for SFR irrigation rates were observed.  
 While results are shown for significance at p<0.05, only results with p<0.01 were 
considered for the selection of representative samples to reduce the changes of Type I errors and 
increase confidence in differences between representative and non-representative parcels. Because 
total value, land value, and impervious area are characteristics of MFR parcels post-redevelopment 
that we cannot predict, they were excluded from consideration. Therefore, MFR properties 
remodeled after 2007 were selected as the representative subsample of future MFR properties 
created by infill development. A K-S test confirms that differences in the pre- and post-2007 period 
are statistically different distributions (p<0.001) (Figure C.2). Characteristic MFR parcels selected 
for redevelopment analysis exhibit lower irrigation rates than non-characteristic parcels, and more 
characteristic than non-characteristic parcels exhibit no irrigation.  
The significance of the split in characteristic and non-characteristic redevelopment around 
the year 2007 likely corresponds to the result of zoning policy and implementation of infill 
properties. The City of Denver’s Comprehensive Plan, which set the vision for development within 
the city from 2000 to 2020, notes the increased interest in urban living and more dense 
development along with recent zoning code changes that promote multi-family and mixed-use 
developments (Denver Comprehensive Plan, 2000). Similarly, Denver’s Comprehensive Plan for 
2040 notes the significant increase in infill from 2010 to 2020 and the intent to promote further 
mixed-use development (Comprehensive Plan 2040, 2020). The separation of characteristic parcel, 
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therefore, likely represents the point at which changes in zoning codes result in real-world changes 
to development patterns. 
 
 
Figure C.1. Conditional inference tree outputs for MFR properties related to significant differences 
in distributions of irrigation rates. Circle nodes show the significant variable and p-value, branches 
show the selection criteria value for the significant variable, and end nodes show boxplots of 




Figure C.2. Cumulative density plot of characteristic (used for resampling) and non-characteristic 
(not used for resampling) MFR parcels based on CI tree analysis. 
 
C.2  Linear Models of Water Use and Redevelopment 
 
 Linear models were created to identify the influence of the percent of SFR residential 
parcels in Denver that were redeveloped on the city-wide total residential outdoor use and percent 
change in residential outdoor use (Figure C.3). Results show that outdoor use is decreased by 
141,000 m3 (114 acre-feet) per percent of SFR parcels redeveloped. This corresponds to a 0.76% 
reduction in residential outdoor use per percent of parcels redeveloped.  
 
 
Figure C.3. Changes in (a) total residential outdoor water use and (b) percent change in residential 
outdoor water use per percent of single-family parcels redeveloped for the Denver citywide 





IMPROVING THE RESILIENCE OF WATER RESOURCES AFTER WILDFIRE  
THROUGH COLLABORATIVE WATERSHED MANAGEMENT: 
A CASE STUDY FROM COLORADO  
 
Reproduced with permission13 from Case Studies in the Environment14 
 
Kyle Blount and Adrianne Kroepsch15 
 
D.1 Abstract 
 This case study introduces students to the impacts that wildfires have on water resources 
as well as the challenges associated with managing these risks.  By examining the development of 
a collaborative watershed group galvanized by the 2012 High Park Fire in Colorado, the case 
engages with the longstanding conundrum of how better to align ecological and social scales in 
natural resources management.  It explores the role that collaborative groups are playing in 
addressing water resources problems at the watershed scale despite fragmented governance at that 
scale. A phased case study format allows students to investigate the motivations of diverse 
stakeholders and appreciate the challenges faced in watershed-based collaboration after a 
catalyzing event such as a wildfire. Upon completion of the lesson, students will be able to (1) 
explain wildfires’ impacts to water resources and stakeholders; (2) assess the challenges and 
benefits of approaching management based upon the physical boundaries of a watershed, rather 
than political boundaries; (3) identify and interrogate how collaborative watershed groups form as 
well as the factors that are key to their success; and (4) evaluate the outcomes of these collaborative 
efforts and their ongoing strengths and opportunities as well as their limitations and challenges.  
This line of inquiry is increasingly significant as collaborative watershed management groups 
proliferate in the United States, in many instances catalyzed by a disaster.  Ultimately, the case 
explores how collaborative watershed groups emerge and the role(s) they play in tackling long-
term, multi-jurisdictional, watershed-scale management challenges. 
 
13 See Appendix A for permissions. 
14 This study should be cited as: Blount, K. and A. Kroepsch (2019). Improving the Resilience of Water Resources  
    after Wildfire through Collaborative Watershed Management: A Case Study from Colorado. Case Studies in the  
    Environment. doi: 10.1525/cse.2019.sc.960306. 




 Wildfire hazards are intensifying globally, exacerbated by decades of wildfire suppression, 
human development in flammable landscapes, and climate change (Moritz et al., 2014).  The 
United States saw 10 million acres burn in 2015 and 2017 – over triple the average annual acreage 
from the 1990s – and could face up to 20 million burned acres annually by mid-century, an area 
the size of Maine (Congressional Research Service, 2018; Kodas, 2017).  While wildfires are a 
necessity for fire-evolved ecosystems, they also take a toll on communities that reside within these 
ecosystems.  Arguably, wildfires’ most far-reaching impacts are to water supplies, making them 
especially threatening for communities that depend on fire-prone watersheds for drinking water 
(Hallema et al., 2018).  Wildfires generate two difficult and intertwined challenges in this context.  
From a hydrological perspective, wildfires cause erosion, export of nutrients and heavy metals, 
debris flows, and flooding that can negatively impact water quality and water infrastructure for 
months to years after a burn (Burke et al., 2013; Cannon et al., 2008; Ohana-Levi et al., 2018; Rust 
et al., 2018; Saxe et al., 2018; Scott & Van Wyk, 1990).  From a social perspective, wildfires’ 
threats to water resources are challenging to address because most watersheds are made up of a 
complex patchwork of public and private land ownership, and because watersheds have both local 
and downstream dependents.  As a result, any given watershed houses a wide variety of 
stakeholders and institutions with differing values, goals, risk perceptions, responsibilities, and 
available resources.  Mitigating wildfires’ impacts to water resources therefore involves 
coordinating across spaces that are hydrologically and socially complex.  
 These intertwined challenges motivate the following question: How can communities 
better manage wildfires’ risks to water resources at the watershed scale despite fragmented 
governance at that scale? Natural Resources scholarship has long grappled with the challenge of 
how to better align social processes, such as water resources management, with ecological 
processes, such as wildfire.  In recent decades, an increasingly common response has been the 
emergence of collaborative watershed management groups that aim to stitch together diverse 
watershed interests to achieve water resources and environmental goals (Sabatier et al., 2005).  
This case study examines the development of one such group in Colorado.  It describes how the 
organization now called the Coalition for the Poudre River Watershed (CPRW) came together to 
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mitigate wildfire risks in the Poudre River watershed16 after a particularly damaging wildfire 
season.  Leveraging collaborative governance theory, the CPRW case challenges readers to 
question how and why collaborative watershed management groups emerge, how they function, 
and how they reconcile their strengths and limitations to achieve watershed-scale management 
goals (Sturtevant & Jakes, 2007).  This line of inquiry is increasingly significant as collaborative 
watershed governance cases proliferate in the U.S., in many instances catalyzed by a disaster 
(Prokopy et al., 2014).  Indeed, CPRW is one among a growing subset of collaborative 
management groups galvanized by wildfire in particular (Sturtevant & Jakes, 2007). 
D.3 Case Examination 
 D.3.1 Theoretical Context: Collaboration Under Fire 
 Collaborative governance refers to processes that aim to engage multiple stakeholders, both 
public and private, in common forums to arrive at consensus-based management decisions. Such 
processes often focus on the management of natural systems and environmental resources, 
particularly those that are contentious and cross jurisdictional boundaries (Ansell & Gash, 2008). 
Ansell and Gash (2008) define collaborative governance as “a governing arrangement where one 
or more public agencies directly engage non-state stakeholders in a collective decision-making 
process that is formal, consensus-oriented, and deliberative and that aims to make or implement 
public policy or manage public programs or assets” (p.44). Such processes show promise in 
resolving conflicts over natural resource issues and improved management by aligning 
management goals across traditional jurisdictional boundaries; however, several challenges can 
prevent their successful implementation including varying levels of commitments to the 
collaborative process and problems associated with lack of trust and uneven power dynamics, to 
name a few. 
 To structure this case and its analysis, we utilize to a framework of collaborative 
management of wildfire risk proposed by Sturtevant and Jakes (2007).  The authors emphasize 
that successful collaborations coordinate and scale-up individual efforts to reduce wildfire risk, 
but they do not mandate a single scale for action, noting that local context is key.  Instead, they 
argue that successful collaborations work at a scale “that evokes shared values, collective action, 
 
16 The full name of both the watershed and its river is “Cache la Poudre”; however, they are both known locally simply 
as the “Poudre”. We therefore use the latter vernacular throughout the text. 
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and a sense of place” (Sturtevant & Jakes, 2007, p. 44-45).  The framework describes stages of the 
collaborative process and desired outcomes, which we outline in Table D.1 along with associated 
challenges. We then discuss each stage in the case that follows. 
  D.3.2 The High Park Fire: Hydrologic and Social Context 
 The High Park Fire (HPF) burned in June of 2012 northwest of the city of Fort Collins and 
was among the most destructive fires in Colorado history (Mitchell, 2012). Growing to more than 
350km2 in size, the fire killed one person, destroyed 259 homes, evacuated approximately 4,300 
homeowners and their families, generated air pollution that rivaled some of the most polluted cities 
in the world, and halted mid-summer recreation and tourism (Figure D.1) (Ansell & Gash, 2008; 
Dickman, 2013; Hanlon, 2012; Mitchell, 2012).  Fire suppression cost $38.4 million USD and 
employed over 2,000 firefighters at its peak, and damages exceeded $55 million USD (Hanlon & 
Simmons, 2012; Huffington Post, 2012; Mitchell, 2012).  Nearly half of the wildfire zone burned 
at high to moderate severity, generating high ecological impacts and greater post-fire risks to water 
resources.  
 Significant hydrologic impacts of wildfire can be both acute and chronic. Immediately after 
the fire, the Poudre River, which runs through Fort Collins, ran black with ash and sediment 
(Draper, 2012).  Fort Collins Utilities, which serves approximately 125,000 people, was forced to 
stop drawing water from the river and to rely on secondary water supplies from the Horsetooth 
Reservoir for 98 days (Figure D.1) (Robichaud et al., 2017). The contributing watershed of the 
Horsetooth Reservoir narrowly avoided being burned in the HPF, demonstrating the additional 
risk of a single fire affecting both of the sources of water supply for Fort Collins and other 
downstream users. Over the long-term, water quality can remain degraded for years after a fire 
with additional exports of sediment, nutrients, and heavy metals from the watershed. Five years 
after the fire, acute impacts had subsided; however, water quality impacts can last upwards of 15 
years. Continued challenges with sediment loads and nitrogen concentrations remain, occasionally 
requiring Fort Collins to shut off its intake of Poudre River water (Robichaud et al., 2017). This 
concerns many local residents, who are proud of the Poudre’s high water quality that supports 
many industries (Marmaduke, 2017). As of 2017, Fort Collins ranks third in the United States in 
breweries per capita with 11.6 breweries per 100,000 residents, and these breweries rely on high 
quality water for their operations (Hendee, 2017). The Poudre, which is the only river in Colorado  
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Table D.1. Summary of the collaborative management framework and its components (adapted from Sturtevant 
and Jakes, 2007). 
Component Description Challenges 
Collaborative Context 
Environmental The unique ecology, geology, fire regime, and 
hydrology of wildland fire-affected ecosystems 
Understanding differences in fire ecology by 
location, including return intervals altered by 
fire suppression and compounding ecological 
influences such as drought and insect 
infestations 
Social The diversity and complexity of social systems 
including land ownership and development, socio-
economics, education, politics, and social networks 
necessary for community action 
Engaging with diverse values and goals and 
complex social relations and power 
dynamics; effectively leveraging social 
capital and attachment to place to engage 
local communities and other stakeholders 
Steps of the Collaborative Process 
Assessing risk Developing credible information on wildfire-related 
risks, rating risk levels, and identifying high-risk 
locations 
Effectively measuring, framing, and 
communicating risk while acknowledging 
differing risk perceptions 
Developing common 
goals 
Agreeing on the purpose of the collaboration, which 
provides a course of action and group identity; often 
encapsulated in a mission statement 
Identifying shared values upon which to 
build goals; effectively prioritizing goals 




Creating new relationships and strengthening old ties; 
fostered through face-to-face interactions and by 
building from areas of agreement 
Identifying attainable goals to build support; 
maintaining a presence in the community; 
engaging stakeholders face-to-face despite 
time and resource constraints 
Information sharing 
and shared learning 
Developing a common knowledge base and learning 
about other collaborators’ values, interests, and risk 
exposures via inclusive processes of data collection 
and interpretation 
Avoiding disputes over data; fostering 
proprietary data sharing; fostering civic 
science and volunteer efforts 
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Sharing personnel, equipment, and information to 
increase efficiency and combat the constraints of 
shrinking agency budgets; linking to outside resources, 
including funding opportunities 
Encouraging sharing of resources while 
respecting primary duties of individuals, the 
missions of their organizations, and resource 
limitations; successfully attaining 
competitive funding  
Public outreach Engaging with local homeowners, particularly to foster 
dialogue, understand local context, build legitimacy, 
communicate risk, and implement on-the-ground 
projects 
Overcoming distrust of government and/or 
non-governmental organizations; 
maintaining a consistent presence and 
respectful, learning-focused posture 





Building leaders of many forms (taskmaster, 
coordinator, facilitator, cheerleader, etc.); developing 
networks that enhance capacity for communication, 
trust, and conflict resolution; accelerating day-to-day 
cooperation and resource sharing 
Effectively engaging and developing 
multiple leaders with diverse skill sets; 
avoiding burnout of those few, most-
involved leaders; devoting time and energy 






Affected individuals and communities understanding 
the nature of wildfire risks; motivating individuals and 
groups to participate in risk mitigation 
Clear, consistent communication of risks and 
mitigation strategies; maintaining trust and 
respect within community interactions 
Increased support 
and mobilization of 
resources 
Broadening the base of political support for 
collaboration and wildfire risk mitigation; improving 
social acceptability of treatments such as prescribed 
burns; broadening the base of funding and resources 
Utilizing social capital, which must be 
developed, to invoke action – both personal 
action and treatments and pressure on local 
leaders for wildfire-informed policies  
Implementation of 
projects and policies 
Executing projects such as post-fire restoration and 
proactive risk mitigation including fuels treatments 
(e.g., forest thinning, creation of defensible space, and 
prescribed burns); creating new policies such as local 
building ordinances 
Effectively utilizing human, financial, and 
resource capital for risk mitigation activities; 
aligning funding allocations and 
implementation of mitigation work within 
the same cycle 
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designated as a National Wild and Scenic River, also supports an outdoor recreation industry that 
includes fishing, hiking, and whitewater rafting and depends on pristine water quality and an 
aesthetically pleasing river and landscape.   
 
 
Figure D.1. The study area in northern Colorado. The top panel shows the location of the High 
Park Fire, the distribution of land ownership around the fire (federal public lands are in green; 
other lands are primarily privately owned), and municipalities downstream from the burn area. The 
bottom panel shows downstream water utilities affected by the fire. In blue, both panels show the 
location of the two sources of water supply for the City of Fort Collins, the Horsetooth Reservoir 
and the Cache la Poudre River (shown from downstream of the burn scar through Fort Collins). 
 
 Of course, the HPF did not heed political boundaries when it burned across the Poudre 
River watershed.  As a result, land ownership in the burn scar is a diverse patchwork, with nearly 
half owned by the U.S. Forest Service (USFS; 48.7%), close to half owned by private landholders 
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(45.2%), and the remaining fractions owned by the state of Colorado (5.7%) and other federal 
owners (0.3%) (Figure D.1) (Larimer County et al., 2012). The mismatch of natural watershed and 
sociopolitical boundaries has serious implications for conducting post-fire restoration work and 
future risk mitigation.  For example, risk management projects conducted on public lands must 
follow time-consuming public land management processes, while activities on private lands 
require buy-in by many individuals.  Activities conducted on both public and private lands also 
need funding and operational support, and projects are made much more effective when they are 
coordinated (e.g., linking large public lands projects to small individual projects and vice versa to 
more closely align with watershed-scale dynamics). Furthermore, multiple downstream 
communities and their water providers rely on the Poudre River and have a stake in watershed 
management, as do environmental groups and various industries (Figure D.1).  We provide an 
overview of key stakeholder groups in Table D.2. 
 D.3.3 The Emergence of the Coalition for the Poudre River Watershed 
  D.3.3.1   Assessing Risk 
 Shortly after the HPF17, a group of environmentalists, natural resource managers, local 
government agencies, and water utilities joined together in an ad hoc coalition to focus on initial 
emergency response and recovery efforts in the burn area to reduce well-known immediate post-
fire hazards such as flooding and erosion (Larimer County et al., 2012).  Several governmental 
members of the group (local, state, and federal) collaborated to quickly produce a Burned Area 
Emergency Response report, which identified areas of highest need for hillslope stabilization 
through mulching and seeding, installation of physical barriers, clearing channels and drainage 
ways, increased culvert sizes, and additions of warning signs.  This analysis allowed the group to 
prioritize project areas in order to work quickly and effectively with a limited budget.  These 
emergency treatments were projected to cost $24 million USD.  The group, which called itself the 
High Park Restoration Coalition, worked to obtain emergency funding through the USDA Natural 
Resource Conservation Service’s Emergency Watershed Protection Program in order to implement 
the recommendations from the Burned Area Emergency Response report. Because no one  
 
17 In May 2012, prior to the ignition of the HPF, the Hewlett Gulch Fire burned approximately 7,500 acres in the 
Poudre River Watershed. We focus on the HPF because of its size and impact, but the social and hydrological 
dynamics described in this case were instigated by the two fires in combination, as both threatened downstream 
municipal water supplies (see map included in supplemental slide deck, slide 10). 
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Table D.2.  Overview of relevant stakeholder groups through the initial development and 
ongoing operations of CPRW. 
Stakeholder 
Group 




Land owned in upper 
watershed; operations 
throughout and below 
watershed 
Managing forests and 
protecting multiple uses 
(e.g., timber, recreation, 







Land owned primarily 
in upper watershed 
(including Lory State 
Park); some parks in 
lower watershed 
Managing forests and 
protecting multiple uses 
(e.g., timber, recreation, 









serve customers in the 
lower watershed and 
have infrastructure in 
the upper watershed 
Protecting local water 
supplies, infrastructure; 
serving constituents and 
customers; local 
ecological, public, and 
economic well-being 






downstream of the 
watershed  
Post-fire recovery 
efforts; reducing risks to 
their lives, property, and 
local infrastructure from 
fires, plus related 














downstream of the 
watershed 
Protecting the local 
environment for outdoor 
recreation, aesthetics, 
and ecosystem function; 
includes anglers, hikers, 
campers, whitewater 












Water & People2 
1The City of Fort Collins Utilities and City of Greeley Sewer and Water are responsible 
for the potable water systems of Fort Collins and Greeley, CO, respectively. 
2Trees, Water & People was involved in the HPRC and held an original spot on the 
board; however, their work is less well-aligned with the current formulation of CPRW, 
and Trees, Water & People limited their involvement to initial startup support.  
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stakeholder has jurisdiction over the burned areas or upper watershed, the coalition provided a 
forum for individual stakeholders, both public and private, to discuss the actions necessary for 
post-fire recovery, arrive at consensus, and implement solutions in the most vulnerable areas of 
the watershed.     
  D.3.3.2   Common Goals, Relationships and Trust, Shared Learning 
 During the course of conducting immediate post-fire work, the members of the restoration 
coalition began discussing the need for a longer-term collaboration that could more proactively 
improve wildfire-water dynamics so that future fires in the upper Poudre River watershed would 
be less damaging (Coalition for the Poudre River Watershed, n.d.; Covington & Moore, 1994; The 
Greeley Tribune, 2013).  This objective inspired the formation of the 501(c)3 non-profit Coalition 
for the Poudre River Watershed (CPRW).  As the group formalized, it developed a board with 
three permanent members – representatives from Fort Collins Utilities, Greeley Sewer and Water, 
and Larimer County – plus two stakeholder committees that are open for participation by any 
interested party.  The stakeholder committees focus on the upper and lower watershed, 
respectively.  Because they do not have a formalized leadership structure, managing priorities 
across geography and stakeholder groups is an ongoing work-in-progress (Blount & Kroepsch, 
2018). However, the formalization of CPRW allowed focus to expand geographically from 
recovery in burned areas to watershed health and management.      
 As CPRW gained its footing, it continued to work on post-fire recovery projects that had 
already gained group approval in order to build momentum and social capital based on existing 
areas of agreement.  The nascent collaborative also set about expanding its repertoire, which 
required arriving at a broader set of common goals.  As in any watershed collaborative, challenges 
exist in navigating diverse values and interests, as well as pre-existing relationships and 
jurisdictional fragmentation (Sturtevant & Jakes, 2007).  These social complexities may lead to 
disagreements about a collaborative’s purpose and its prioritization of goals. For example, water 
utilities may be more concerned with watershed health to protecting water quality, while 
homeowners are worried about fire mitigation and the protection of private property and 
infrastructure.  On the other hand, different stakeholders can benefit from similar outcomes despite 
differing motivations.  For example, reduced sediment loads and improved water quality are 
beneficial for both water utilities and anglers. Improvements in water quality reduce cost of water 
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treatment and provide reliability of water supplies while also promoting healthy fish populations 
that promote an outdoor recreation economy.  
 CPRW structured its goal-setting activities by writing a resilience plan for the upper Poudre 
River watershed in collaboration with stakeholders. This planning process helped to set broader 
goals such as maintaining healthy forests within watersheds to reduce overgrowth and fuel loads 
and minimize risks (Blount & Kroepsch, 2018; Covington & Moore, 1994) in addition to 
identifying specific areas in need of attention so that participants could prioritize attainable projects 
within a vast watershed (Blount & Kroepsch, 2018; Coalition for the Poudre River Watershed, 
n.d.; Larimer County et al., 2012). Broadly, CPRW aims to create “defensible landscapes,” which 
they define as being resilient to fire and allowing for the coexistence of people with fires in the 
wildland-urban interface (Blount & Kroepsch, 2018; Koebele et al., 2015). For example, the plan 
advocated for (a) fuels treatments around Horsetooth Reservoir and in several specific drainages, 
(b) linking existing defensible space projects being conducted around individual homes with new, 
landscape-scale projects being planned for public lands, and (c) securing funding for ongoing 
work. 
 These initial projects and planning processes allowed stakeholders to build relationships 
and trust while also sharing information and developing a common understanding of wildfire risks 
in the upper Poudre River watershed.  CPRW maintained and leveraged this social capital as it 
carried on its work (Ansell & Gash, 2008; Blount & Kroepsch, 2018; Sturtevant & Jakes, 2007). 
CPRW is uniquely positioned to carry out its work at the watershed scale. While traditional 
jurisdiction of many stakeholders limits their geographic reach, CPRW can operate throughout the 
Poudre River watershed and across public-private boundaries. However, the operations of a 
collaborative group, such as CPRW, may be slowed in comparison to actions taken by traditional 
actors, including municipalities, by the need to build trust, obtain buy-in, and arrive at consensus. 
  D.3.3.3   Acknowledging Interdependence, Pooling Resources 
 The executive director of CPRW calls the group “a planning and coordination hub.”  She 
explains, “We are a bridge among organizations that have shared interests, but maybe their own 
individual missions or structures prevent them from doing some step of that… no one political 
entity has the power to completely take charge, but as a collective we can try to work across 
jurisdictions” (Blount & Kroepsch, 2018). This “coordination hub,” formed and maintained 
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through a collaborative process, helps to align the ecological and political scale. By coordinating 
planning across traditional jurisdictional boundaries and working for consensus concerning 
proposed actions, CPRW can achieve greater health and fire protection across the Poudre River 
watershed. Today, CPRW has a total of three full time staff working in the capacity to coordinate 
restoration and risk mitigation planning among participating entities and contract out the on-the-
ground work to professional and volunteer crews.  The collaborative has pooled resources from its 
three permanent board members (the two municipal water utilities and Larimer county, listed 
above), emergency funds provided by state and federal agencies, donations from foundations, and 
grants (Blount & Kroepsch, 2018). 
 Pooling resources comes with challenges of its own. For example, water utilities, 
specifically, have pushed to provide more funding for restoration efforts because the quality of 
their supply is threatened; however, getting money approved and allocated is a slow process, and 
work cycles often misalign with funding cycles. There can be a similar disconnect between 
allocation of monies and the implementation of work for funding from federal grants. Only after 
funds are available can CPRW book work crews; however, there are only two operators in the 
region with appropriate equipment and expertise, and they are booked for work well beyond a year 
out, when annually allocated funds have already expired. Often, if these funds go unused in any 
given year, it is difficult to justify their reallocation in subsequent years (Blount & Kroepsch, 
2018). 
  D.3.3.4   Public Outreach and Engagement 
 Working with its partners, CPRW has made large strides in terms of visibility and 
relationship building in the mountain communities of the upper watershed (Blount & Kroepsch, 
2018).  CPRW conducted most of its outreach and education by organizing or attending 
community events, hosting tours of sites where treatments had already been completed, facilitating 
a seminar series about the ecology of fire and the connections of forests, fires, and watershed 
health, and writing a monthly column for the mountain community newspaper (Blount & 
Kroepsch, 2018). Neighbor-to-neighbor interactions seem to be the most effective method of 
spreading information and garnering favor within the community, which aligns with findings in 
the academic literature (Koebele et al., 2015); however, this is also one of the slowest ways to 
disseminate information. Future outreach and engagement goals also include (1) a mini-
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documentary series to post online and present to communities and at an independent theatre or 
local breweries and (2) helping to adjust messaging at a local museum exhibit about the HPF to 
focus on watershed and fire ecology and the role of treatment rather than the disaster recovery 
cycle (Blount & Kroepsch, 2018). These engagement efforts are essential for a collaborative group 
that gains legitimacy and consent through consensus-based decision-making. While traditional 
jurisdictions can at times implement top-down solutions, CPRW has no formal implementation 
authority apart from the buy-in obtained through the collaborative process. 
 D.3.4 Outcomes, Continuing Challenges, and Opportunities 
 CPRW has seen positive outcomes in terms of increased leadership and resource capacities, 
increased understanding and support, and the implementation of projects. Since its inception as 
the High Park Restoration Coalition, CPRW has been able to consistently obtain funding and grow 
its staff; this expansion has allowed for increased leadership and presence in mountain 
communities, new analyses for long-term goal setting, and implementation of post-fire recovery 
and forest management projects (Blount & Kroepsch, 2018). Though some local stakeholders were 
initially apprehensive about CPRW and their presence in their communities, they have received 
CRPW more warmly as they have gotten to know CRPW representatives and as CPRW has worked 
to engage landowners in planning processes prior to any regulatory decisions or management 
actions.  For example, the ability to interact face-to-face and explain the location, purpose, 
planning, and safety measures for specific treatments and prescribed fire in general has helped to 
ameliorate some resistance to the idea of prescribed burns. The organization has gained trust 
through their continued presence and engagement with local communities, helped increase 
awareness of the realities of living with wildfire risk, avoided conflict and antagonism among and 
with communities, and along with the USFS, had success in gaining permission to conduct forest 
treatments on private lands and to implement prescribed burns in and around local communities 
(Blount & Kroepsch, 2018).  
 CPRW has also developed a strong network of partners, including the Elkhorn Creek Forest 
Health Initiative, The Nature Conservancy, Wildlands Restoration Volunteers, Larimer County 
Conservation Corps, and the Ben Delatour Scout Ranch, through which they can share resources 
to implement treatment projects (Coalition for the Poudre River Watershed, n.d.; Lien, n.d.). 
CPRW has implemented policies and projects in three major areas – the development of resiliency 
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master plans, post-fire restoration, and wildfire risk reduction. The organization currently has three 
master plans addressing upper watershed resilience, post-fire prioritization – which is a result of 
identifying stakeholders and their priorities and analysis of relevant, available data concerning risk 
within the watershed – and lower watershed resilience. Post-fire restoration projects within the 
Poudre River Watershed are ongoing; thus far, CPRW has facilitated the restoration of over 1.5 
miles of river and 600 acres of hillslopes impacted by the HPF. Finally, by working with their 
partners and the USFS, CPRW has spearheaded forest treatments on approximately 300 acres 
within the Poudre River watershed, including prescribed burns, to reduce the risk from future 
wildfires (Coalition for the Poudre River Watershed, n.d.). The work conducted at this watershed 
scale exceeds the ability of any other individual stakeholder to conduct similar work financially 
due to its large size and geographically due to jurisdiction. 
 Moving forward, CPRW has begun to expand its goals further to (a) address watershed 
health issues in addition to wildfire and (b) engage in collaborative efforts in the lower Poudre 
Watershed in addition to the upper.  This topical and geographic expansion will allow CPRW to 
increase its impacts, but it may also make it more challenging to identify common goals.  One 
important watershed health topic that CPRW will need to navigate is climate change, as Colorado 
is expected to become hotter and drier, which will increase fire hazards and other watershed 
stressors (Union of Concerned Scientists, n.d.).  However, CPRW’s recent resilience plan does not 
explicitly engage climate change because of limitations of data, time, and money. The 
collaborative is also looking to secure more stable funding.  Thus far, CPRW has existed on a year-
to-year cycle of funding, which limits the range of work that can be planned (Blount & Kroepsch, 
2018). As the organization moves from focusing on disaster recovery into long-term management, 
it will be important to identify more stable and less restrictive funding sources (e.g., unrestricted 
money from individual donors, rather than federal grants on an annual cycle). 
D.4 Conclusions 
  Wildfires often create serious negative impacts to water supplies. These impacts were 
severe following the HPF due to its size and severity. Though impacts become more severe with 
more extreme disturbances, water quality impacts can be observed following smaller fires. 
Managing watersheds to mitigate and address these impacts is challenging because it requires 
coordinating across many diverse institutions and stakeholders.  Collaborative watershed 
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management groups such as CPRW may emerge post-fire as “planning and coordination hubs” 
that bridge these interests in the service of greater watershed goals (Blount & Kroepsch, 2018).  
Strong leadership, common stakeholder goals, and partnerships to build community trust have 
been essential components of CPRW’s successful initial efforts around post-fire recovery and the 
group’s work toward promoting a resilient watershed over the long-term. However, challenges 
remain, including executing on-the-ground projects amidst logistical challenges, coordinating 
among a growing number of stakeholders and their varied concerns and goals, securing consistent 
funding, and planning for the impacts of climate change on wildfire, forest, and watershed 
dynamics.  
D.5 Case Study Questions 
 The case study questions below provide guidance for discussion of the case study. 
Additional teaching materials, including Teaching Notes and a Supplemental Slide Deck, are 
available as published in Case Studies in the Environment and provided in Appendix E. 
 
1. How does a wildfire physically change a watershed?  In other words, what are the 
hydrologic impacts of wildfire?   
2. Who are the relevant stakeholders in post-fire watershed management? What are their 
values, interests, and goals? How do these perspectives affect their participation in 
collaborative management efforts? 
3. How do collaborative watershed management groups such as the Coalition for the Poudre 
River Watershed come together?  What factors are important to their formation and to 
gaining momentum on watershed problem solving?   
4. What makes these collaborative watershed management groups successful? What are the 
biggest challenges they face in post-fire restoration and proactive risk mitigation work in 
watersheds? 
5. How does fragmented watershed management (i.e., the presence of multiple land 
ownership types, institutions, and stakeholders) affect the management of post-fire 
landscapes? What are the advantages of, and challenges to, managing watersheds at 
physical scales (i.e., based on hydrological, rather than political, boundaries)? 
6. How applicable is the framework to other cases of fire recovery, watershed restoration, or 
145 
 
other geographic regions? Are there any local watershed restoration efforts in your area, 
and what components of the framework can be observed in their operations? 
7. How does the CPRW case study alter our understanding of the framework used in its 
analysis? What components would you add or remove from the framework based on these 
results? 
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SUPPLEMENTAL ELECTRONIC FILES 
 The supplemental teaching materials described in Appendix D of this thesis are available 
as published in Case Studies in the Environment and in the supplemental electronic files. These 
files may be used to provide guidance for classroom applications of the case study or for direct 
instruction in the classroom.  
CSE_BlountKroepsch2019_TeachingNotes.pdf Description of the key points for learning 
objectives and their sources; teaching 
strategies including a sample lesson plan, 
anticipated results, and background and 
pre-class reading suggestions. 
CSE_BlountKroepsch2019_Slides.pptx Sample lesson slide deck matching lesson 
plan included in teaching notes. Comments 
in the notes section of the PowerPoint give 
more information on what is contained 
within the slide, suggested discussions, and 
ideas for accompanying activities. 
 
